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ABSTRACT 
Gastrointestinal motility patterns in humans are not constant and respond to 
the luminal contents and nutrient status (Degen and Phillips, 1996). The zebrafish is 
a new model system for human GI motility and regulation of motility patterns appears 
to be controlled by enteric neurons and interstitial cells of Cajal (Huizinga et al., 
1995, Farrugia et. al., 2003, Sanders et.al., 2006, Rich et. al., 2007). Although 
several research laboratories investigate GI motility in zebrafish larvae, no standard 
protocol for feeding exists and experiments may be performed on fasted or fed larvae. 
The goal of this study was to examine the effects of feeding on GI motility when ICC 
and enteric neurons are developed and regulate GI motor patterns in larvae, at 7 days 
post fertilization ( dpt) (Rich et. al., 2007). Larvae were fasted or fed once daily 
beginning at 5 dpf. At 7 dpf larvae were fed dry food labeled with FITC-dextran and 
GI motility was measured using time-lapse imaging and image analysis techniques. 
Motility was examined in the anterior and the posterior regions of the GI tract. No 
differences were observed in fish standard length, a developmental marker. The total 
number and distance of contractions increased in the anterior intestine after feeding. 
These data suggest that feeding has little influence on GI motility patterns in the 
posterior intestine. The effects of Cisapride, a prokinetic in humans, was examined 
and found to increase the contraction number, velocity, and interval. The effects of 
Niflumic Acid and DIDS were also examined, because anoctamin 1 (ANOl), a 
chloride-selective channel, has recently been identified as a potential regulator for 
ICC pacemaker function. Both drugs dramatically reduced the total number of 
contractions as well as the GI motility index indicating a reduction in coordinated 
motility patterns. Cisapride, Niflumic Acid, and DIDS have similar effects on GI 
motility in mice and in the zebrafish, suggesting that similar molecular mechanisms 
regulate GI motility in zebrafish and mice. The findings contribute to the validation 
of the zebrafish model system for human GI motility function. 
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OBJECTIVES 
Specific Aim 1: Determine zebrafish gastrointestinal motility during the postprandial 
state. 
Hypothesis la. Zebrafish larvae eat when exposed to food stimuli at 7 days 
post fertilization ( dpt). 
Hypothesis lb. Feeding does not influence growth. 
Hypothesis le. Gastrointestinal motility increases in the intestinal bulb after 
feeding. 
Hypothesis ld: Gastrointestinal motility increases in the mid and distal 
intestine after feeding. 
Hypothesis le. Different strains of zebrafish have comparable motility 
patterns and respond similarly to feeding. 
Hypothesis lf. GI motility is influenced by circadian rhythms. 
Hypothesis lg. The time after feeding will alter GI motility. 
Specific Aim 2: Determine the role of enteric neurons on gastrointestinal motility 
patterns. 
Hypothesis 2a. Cisapride has a prokinetic effect on GI motility in 7 dpf 
larvae. 
Hypothesis 2b. Enteric neurons are required for the development of GI 
motility patterns in 7 dpf larvae. 
Specific Aim 3: Determine the sensitivity of GI motility to Niflumic Acid and DIDS, 
chloride channel blockers. 
Hypothesis 3a. Niflumic Acid and DIDS alter GI motility patterns m 
zebrafish larvae. 
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INTRODUCTION 
Objective Statement 
The goal of this thesis was to assess gastrointestinal (GI) motility in fed 
zebrafish and explore its regulation by the enteric nervous system and interstitial cells 
of Cajal (ICC). GI motility patterns are altered by the effects of chemical and 
mechanical stimuli resulting from the addition of food. For example, the postprandial 
state occurs after feeding due to luminal stimuli by the actions of endocrine hormones 
responding to nutrient absorption. Mechanical stretch also influences GI motility. It 
is important to assess the effects of feeding because experiments performed in our 
laboratory, and in other laboratories, use different protocols. It is possible that 
variability in feeding may influence GI motility patterns. 
In addition, the effects of a prokinetic drug and chemical compounds known 
to block an ion channel required for normal GI motility in mice, were characterized in 
zebrafish. Anoctamin 1 (ANOl) is a Ca2+-activated Cl- channel (CaCC) encoded by 
the Tmem16a gene and is highly expressed on ICC in humans and mice. The 
pharmacological tools known to block CaCCs in mammals were applied to zebrafish 
and included Niflumic Acid and 4-4'-diisothiocyano-2,2'-stillbene-disulfonic acid 
(DIDS). Cisapride is a prokinetic drug which increases GI motility at the site of 
enteric neurons in mice and humans, and its action was assessed in zebrafish to 
evaluate enteric neuron function in GI motility. The role of the enteric nervous 
system on GI motility was also assessed in Colourless larvae, which lack a functional 
enteric nervous system. These goals will contribute to a better understanding of GI 
motility patterns in the zebrafish. 
Zebrafish as a Model System for Gastrointestinal Motility 
The physiology of the human gastrointestinal tract is becoming better 
understood by studying the newly emerged zebrafish model system. Early 
development occurs rapidly in zebrafish and by 7 days post fertilization ( dpf), the 
Page 19 of 132 
gastrointestinal tract is able to produce rhythmic propagating contractions. One 
advantage that has shaped zebrafish into a good model for the gastrointestinal motility 
is the fact that the larvae are transparent and that direct observation of the lumen can 
be performed in the intact animal, in vivo. 
Zebrafish and mice are both vertebrate model systems for human physiology. 
Adulthood of the zebrafish is reached by 3 months and is defined as the onset of 
fertility. The high fecundity of the zebrafish yields large clutches of offspring from 
one cross, and breeding is straightforward. Unlike mice, zebrafish are oviparous 
meaning that the eggs are laid outside of the mother and fertilized, and therefore can 
be easily observed or manipulated. When compared to the mice model, zebrafish 
colony costs for feeding and housing are low. 
Anatomically, the zebrafish and human gastrointestinal tracts are highly 
conserved. Recently the intestinal anatomy and architecture in the zebrafish were 
described as closely resembling the mammalian small intestine (Wallace et al. 2005). 
The gross anatomy of the human and zebrafish gastrointestinal tract are also similar. 
In humans the gastrointestinal tract is a tube extending from the mouth to anus. The 
major organs of the digestive tract from anterior to posterior include the mouth, 
pharynx, esophagus, stomach, small intestine, large intestine, colon, and rectum. The 
accessory organs of the gastrointestinal tract from anterior to posterior include the 
teeth, tongue, salivary glands, liver, gallbladder, and pancreas. The gastrointestinal 
tract spans 30 feet in humans from mouth to anus, and is synonymous to the 
endodermal digestive tube of the larvae which extends roughly 1.8mm from snout to 
anus, and the anatomy of the zebrafish gastrointestinal tract includes a mouth, 
esophagus, intestinal bulb, mid intestine, distal intestine, and anus which is often 
referred to as the vent (Figure 1 ). Gastrointestinal motility in the intestinal bulb 
region has been characterized sparsely prior to this manuscript, which will introduce 
the GI motility patterns in the intestinal bulb and the more classically studied mid to 
distal intestine regions. 
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Figure 1. Anatomical organization of 7 dpf zebrafish larvae. The gastrointestinal tract is identified from 
the mouth at the anterior to the anus at the posterior (Panel A). The standard length is the di,,tance from 
the zebrafish snout to the posterior tip of the notochord (Panel B). 
Humans and zebrafish are similar developmentally. The three primary germ 
layers are conserved across vertebrates to drive intestinal development toward a 
similar function (Wallace and Pack, 2003). Tissue epithelia layers in the 
gastrointestinal tract of the zebrafish develop similarly to mammalian morphogenesis, 
from the endodermal germ layer. In the center is a lumen, a tube which is connected 
to the environment outside of the organism. Peripherally directed from the lumen, the 
innermost layer is the circular smooth muscle cells, the myeneteric plexus, and 
outermost layer of longitudinal smooth muscle cells (Figure 2). 
Smooth muscle fibers are the constituent of the intestinal triad that moves to 
create the organized contractions of GI motility. The position of circular and 
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longitudinal smooth muscle fibers along the GI tract function to create two essential 
types of contractions (Figure 2). Circular smooth muscle fibers line the 
circumference of the zebrafish GI tract and contraction causes lumen closure. 
Longitudinal smooth muscle fibers are positioned parallel to the long axis of the 
zebrafish and tonic contraction shortens the GI tract. 
Mytnteric PlwL1 
Circular Sl!lootb \lus~k 
Longitudinal Smooth Mu,de 
Figure 2. A cross gection of zebrafish gastrointestinal tract was 
traced to illustrate 1the lumen, myenteric plexus, concentric tissue 
layers of circular amd longitudinal smooth muscle. 
At the cellular level the zebrafish gastrointestinal tract is highly similar to 
humans. The focus for this thesis is the external muscular layers including 
longitudinal and circular muscles. A group of three cells with overlapping regulatory 
mechanisms known as the intestinal triad contributes to the regulation of GI motility 
(Figure 3). Control of GI motility is asserted through the communication of a system 
of enteric neurons, interstitial cells of Cajal (ICC), and smooth muscle. 
Communication between the cells occurs when bipolar interstitial cells of Cajal 
integrate and amplify neuronal input, which can be quickly propagated by gap 
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junctions to smooth muscle cells. A network of stellate-shaped interstitial cells of 
Cajal located in the myenteric plexus region, between the outer longitudinal and inner 
circular muscle layers, generates a pacemaker signal which is also communicated to 
circular smooth muscle cells via gap junctions. Additionally, nerve cells directly 
contact smooth muscle to induce contraction. Each element can respond to the 
environment to achieve complex motor patterns responsible for GI motility. 
Morphology, Anatomy, and Function of the Intestinal Triad 
Gastrointestinal motility quality is determined by the smooth muscle cells of 
the gastrointestinal tract. Smooth muscle contractions are often modified by chemical 
messengers derived from neuron, hormone, and paracrine signaling. Smooth muscle 
cells contract to grind, mix, and propel the contents of the gastrointestinal tract to 
form a slurry, called chyme, which can be absorbed to optimize digestion. The force 
produced to move the contents of the gut occurs in a net aboral, or oral to anal 
direction, which is often referred to as anterograde motion that is generated by 
smooth muscle cells. 
The tunica muscularis 1s the layer containing smooth muscle in the 
gastrointestinal tract. The deep network of smooth muscle cells is called the deep 
muscular plexus, which is adjacent to the intramuscular layer moving toward the 
body side. The more superficial muscularis extema contains two layers of smooth 
muscle cells, an inner circular smooth muscle cell layer as well as an outer 
longitudinal smooth muscle cell layer. 
Smooth muscles oscillate rhythmically m phase with ICC excitement. 
Rhythmic oscillation encourages calcium oscillation and sequentially smooth muscle 
cell contraction. Intracellular calcium is important for the actin and mysosin 
interaction in smooth muscle. Voltage gated calcium channels open, calcium enters, 
and the cell fires an action potential following the threshold from the slow wave 
potential. The amount of calcium that enters the cell is graded to create the force of 
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contraction, thus longer slow waves will lead to greater contraction force by the 
smooth muscle. 
A network of associated cells initiates the rhythm of slow wave potentials. 
These pacemaker cells are the interstitial cells of Cajal (ICC). Protein tyrosine kinase 
receptors called Kit are expressed on ICC, and are known to regulate gastrointestinal 
motility (Huizinga et. al.1995, Farrugia et. al. 2003, Strege et. al. 2003, Ward et. al. 
2004; Sanders et. al. 2006). Interstitial cells of Cajal (ICC) are the spontaneously 
active autorhythmic cells that serve as integrators for gastrointestinal motility. When 
excited, the ICC responds like a fuse to produce a wave of excitement in smooth 
muscle cells by signal transduction. Cycles of depolarization and repolarization of 
ICC called electrical slow wave potentials are communicated by gap junctions across 
the circular smooth muscle layer. Cycles of contraction and relaxation by smooth 
muscle cells follow the slow wave potential, which in humans produces 3 to 12 
waves/min (Dee et. al. 2007). Interstitial cells of Cajal ultimately determine the 
frequency and the strength of muscle contractions. 
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Bipolar and Stellate 
Interstitial Cells of Cajal 
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) 
Circular and Longitudinal 
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Figure 3. The intestinal triad is composed of enteric neurons.interstitial cells of 
Cajal, and smooth muscle cells. Regulation of gastrointestinal motility occurs by 
cell-cell conununication by the intestinal triad, the direction of conummication 
has been designated with mrnws. Interstitial cells of Cajal integrate infonnation 
from the enteric nervous system and direct smooth muscle cell flmction. Enteric 
neurons also influence contraction of circular and smooth muscle cells. 
Interstitial cells of Cajal are located within the myenteric plexus, between the 
circular and longitudinal smooth muscle cell layers. Interstitial cells of Cajal are 
modified smooth muscle cells developed from the mesoderm. Two types of channels 
may be involved in slow wave depolarization: Ca2+-activated CC channels (CaCC), 
and non-selective cation channels (NSCC) which were explored in these experiments. 
It is known that anoctamin 1 (ANOl) is a protein highly expressed on ICC and is 
responsible for a calcium sensitive chloride channel. 
The enteric nervous system is the neural network that functions in movement 
coordination of the gastrointestinal tract. The enteric nervous system enables 
myenteric reflex action along the gastrointestinal tract to produce smooth muscle 
contraction. Cells of the enteric nervous system may contact smooth muscle directly 
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or may interact with the interstitial cells of Cajal that propagate and amplify neuronal 
input to influence smooth muscle contraction by intercommunication. 
Enteric neurons can be influenced by the Central Nervous System (CNS) but 
are a separate. The CNS includes the brain and spinal cord, which process and 
integrate input from sensory neurons. In healthy individuals the CNS communicates 
to enteric neurons by parasympathetic (for resting and digestion) and sympathetic (for 
fear, flight, or fight) innervations to influence enteric neuron function thus altering the 
control of smooth muscle contractions that produce GI motility. Vagotomies, or 
surgical cutting of the vagus nerve, which normally conveys input from the CNS to 
the enteric nervous system, have shown that enteric neuron function persists in the 
absence of CNS control. Independent operation of enteric neurons from the CNS and 
the autonomy of the enteric nervous system are reasons that have allowed the enteric 
nervous system to be termed the "little brain" of the gut. 
Gastrointestinal Motility Defined 
Gastrointestinal motility is necessary for life. Gastrointestinal (GI) motility is 
the spontaneous and rhythmic contraction patterns of smooth muscle within the 
gastrointestinal tract. The two main functions of the gut are mixing and propelling 
the contents of the gut, as well as absorption of nutrients. Absorption occurs in the 
postprandial or state after feeding along the GI tract. Mechanistically, the movement 
of ingested food across absorptive epithelia of the digestive tract allows for the 
absorption of nutrients. Mixing and propelling the contents of the gastrointestinal 
tract is also essential for removal of wastes which include indigestible food such as 
cellulose or fiber in humans and other bodily wastes like dead red blood cells. 
On the other hand, when GI motility stops, bacteria release endotoxins that 
make the epithelial barrier of the GI tract leaky. The condition causes stasis, a halt in 
normal GI movement as well as sepsis, a deadly inflammation of the whole body by 
infection of the blood. Teleologically, the two major competing functions of the gut, 
absorption and waste removal, are balanced to benefit the organism. If 
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gastrointestinal motility happened to be too fast, absorption would be inefficient. 
Similarly if gastrointestinal motility were too slow, bacterial overgrowth would occur. 
Efficient absorption, waste removal, and bacterial population maintenance can be 
optimized by gastrointestinal motility to result in homeostasis, the tendency to reach a 
condition of physiological equilibrium called a steady-state. 
Gastrointestinal motility in humans has been well-characterized during 
postprandial and fasted states of humans. During fasting, the gastrointestinal tract is 
empty and a typical pattern of gastrointestinal motility termed the Migrating Motor 
Complex prevails. Between meals the Migrating Motor Complex propels food 
remnants and bacteria aborally. 
Two other forms of gastrointestinal motility occur during and after a meal, 
during the postprandial state, these include peristalsis and segmental contractions. 
Circular smooth muscle cells contract and longitudinal smooth muscle cells relax in 
an alternating fashion to create segmental contractions. The function of segmental 
contractions is to mix and chum luminal contents, with minimal net forward 
movement of luminal contents. Peristalsis creates a net aboral directed movement of 
the luminal contents by ring-like contraction of circular smooth muscle cells. The 
luminal contents move from an area of high pressure at the site of contraction to an 
area of lower pressure at the relaxed smooth muscle cells, called the receiving 
segment. The function of peristalsis is to create a net forward movement of the 
luminal contents most relevant in the esophagus. In humans peristalsis propels the 
contents of the lumen at a velocity of 2 to 25cm/sec (Dee et. al. 2007). 
The relevance of these studies affects the scientific community as well as 
those in the clinical setting, particularly the people that suffer from gastrointestinal 
motility disorders. As many as 25% of people are affected by gastrointestinal 
motility disorders (Parkman, 2006). The prevalence of the disorders account for half 
of all doctor visits, which stem from the severe nature and poor quality of 
gastrointestinal motility these diseases confer. Gastrointestinal motility disorders 
may be slight, characterized by mild pain or discomfort from colliding contractions or 
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deleterious chronic disorders like irritable bowel syndrome (IBS), Hirschprung's 
disease, and Crohn's disease. The range of gastrointestinal motility disorders may 
also be inherently opposite, such as achalasia and constipation or diarrhea. A better 
understanding of gastrointestinal physiology is imperative in helping the people who 
have been disrupted because of gastrointestinal motility disorders. 
Gastrointestinal motility disorders are often paired with other disease and 
pharmacological side effects. Comorbidity of diseases like Parkinson's disease and 
diabetes are often coupled with gastrointestinal motility disorders due to the change 
of cellular architecture following disease pathogenesis. Additionally, labels like 
"may cause constipation" and "take with food" are commonplace in pharmaceuticals 
and relevant as a result of drug action or comfort following drug exposure. An 
understanding of gastrointestinal motility is fundamental to better identifying both 
gastrointestinal motility and comorbid disorders. 
The bulk of gastrointestinal motility disorders that remain untreated have 
uncharacterized mechanisms. It is known that the coordination of gastrointestinal 
motility depends on the three cells that form the intestinal triad, a disruption of a 
single component reduces the coordination. Several research laboratories measure GI 
motility using the zebrafish model, but standard protocols have not been developed. 
A better understanding of gastrointestinal motility with focus on the intestinal triad, 
and refining the protocols to measure gastrointestinal motility are imperative to find 
the best treatments and drug targets for gastrointestinal motility disorders. 
METHODS 
Aquaculture 
Adult zebrafish aged 7-18 months were crossed in breeder boxes. Adult 
zebrafish crosses were from the same age class or cohort type, as it is impossible to 
separate the mutants from wild-type fish following the cross. The time the cross was 
started, date, temperature, types, number of crosses, number of male and females used 
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was recorded. When the fish gave, small fertilized ovum was present at the bottom of 
the breeder box. The contents of each breeder box were filtered over the sink using a 
micro-sieve. The comers of the breeder box were rinsed with a solution of embryo 
media (E2) to remove the remaining embryos and the embryos in the green sieve 
were rinsed in E2 to remove any debris from the adult zebrafish. Embryo media (E2) 
is derived from a 20X stock solution of lL deionized water, 17.5g NaCl, 0.75g KCl, 
2.40g MgS04, 0.41g KH2P04, and 0.12g NA2HP04. Two additional solutions must 
be added to the E2, these are 7.25g CaCh dissolved in lOOmL deionized water and 3g 
NaHC03 dissolved in lOOmL deionized water. The 20X E2 stock solution is diluted 
to a IX solution that larvae thrive in by the addition of 50mL 20X E2 stock to 1 L 
deionized water, to which 2mL CaCh and 2mL NaHC03 solutions were added. It is 
important that the E2 solution reaches room temperature prior to the addition of the 
larvae to avoid cold shock. 
Progeny from the same parents were added to an appropriately labeled Petri 
dish. A maximum of 15-20 embryos were added per Petri dish, and dead or 
unfertilized embryos were removed to maintain a healthy environment. The embryos 
were incubated at 28°C. Approximately 5 hours after the cross, embryos were 
bleached to reduce bacteria and debris from the environment of the petri dish. A 10% 
bleach soak was completed for 15-20 embryos at a time, which were then transferred 
using a plastic transfer pipette to two additional E2 as washes. Dead embryos were 
removed. Each Petri dish was labeled with the date of the cross, adult zebrafish, and 
genetic lineage. 
The genetic lineages used in these experiments were ABix and ABTuebingen. 
The genetic lineages of zebrafish larvae used in these assays were chosen because of 
the applicability in zebrafish laboratories. The two wild-type strains, ABix and 
ABTuebingen, were analyzed because these are the two most commonly studied 
wild-type strains. On potential pitfall is that many strains of laboratory animals tend 
toward the formation of isogenic lineages. The retention of certain traits due to 
Page 29 of 132 
similar or closely related gene maintenance may not reflect the resultant GI motility 
that occurs outside of the AB ix and ABTuebingen lineage. 
The outer chorion was removed from the embryos at 1 dpf to saves the embryo 
energy. Forceps or syringes were used to first pin down the chorion and then rip the 
chorion to let the embryo swim away. The petri dishes were replaced and the E2 
embryo media was refreshed. Debris from chorion was discarded. Regular 
maintenance of the embryos occurred at 3dpf, when the ammonia level was tested and 
E2 was changed to maintain a healthy environment. Larvae of the genetic lineage 
ABTuebingen and ABix were reared in the embryo media E2. At 7 days post 
fertilization ( dpf) the embryos were loaded into plastic tubing for viewing. 
Time Lapse Imaging 
Visualizing gastrointestinal motility of fixed larvae was accomplished using 
Specimen in a Corrected Optical Rotational Enclosure (SCORE), a way of using 
0.9% agar to transfer and mount individual anesthetized larva in 800µm tubing for 
viewing (Petzold et. al., 2010). The appropriate percent of gel and anesthesia was 
determined in order to not adversely affect the health of the larvae. The amount of 
agar supporting a healthy environment ranges from 1.2% to 0.9%, and similarly the 
amount of tricaine (Supplier: thsiher.com) ranges from 1 % to 0.75%. Reducing the 
concentration of agar and tricaine anesthetic increased the healthiness of the larvae. 
Healthiness of the larvae was correlated with the heart rate of the larvae. It is known 
that a healthy zebrafish heart rate at 24 hours post fertilization is 90-140 bpm 
(MacRae et. al., 2003). 
In these experiments SCORE was achieved using 0.75% tricaine and 0.9% 
agar in embryo media and tricane. Anesthetized larvae were transferred to liquid agar 
and then a pipette pump with capillary adaptor was used to load the larvae in 800µm 
polyethylene tubing. Deionized water was used as a corrective solution, which 
covered the slide to prevent image distortion. Foam barriers were attached to the 
glass slide to contain the deionized water. The plastic tube containing the mounted 
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larvae in agar was placed on a slide for microscopy. SCORE imaging techniques 
allowed for stationary larvae to be positioned laterally in order for the gastrointestinal 
tract to be visible (Petzold et. al., 2010). 
SPOT Advanced software was used to capture an image every second until 
600 images were taken 1-6 hours after the initial feeding. Anterior and posterior 
images of each larva were acquired to assess the standard length (Figure lB; Parichy 
et. al., 2009). An image sequence file was created from the 600 images, which when 
viewed in succession function as a time series of the gastrointestinal motility. 
In these experiments GI motility was supplied by sphincter-like tissue in the 
intestinal bulb and the mid to distal intestine regions. A sphincter is a muscular ring 
that closes or opens a portion of the lumen where the origin of contractions and 
propagated to other regions. The main propagating force was supplied predominantly 
by the tissue between the intestinal bulb and mid intestine (Figure 4). Due to the 
location, contractions propagated in two directions, oral and aboral, to facilitate 
functional GI motility. Additional areas of the lumen at the anterior intestinal bulb 
and anus have also been observed to serve as sites where smooth muscle contractions 
begin. Contractions close the hollow tube of the lumen, and the darkness created can 
be visualized as dark bands on a staptiotemporal map (STMap; Figure 5). 
Figure 4. Three sites initiate and provide the force for contraction. The sites are located 
in the intestirnil bulb (A). between the intestinal bulb mid mid intestine (B), mHI at the 
dist<1l intestine (C). 
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VolumetryG6A software was used to form a single image from the image 
sequence file to form a spatiotemporal map (STMap; Figure 5). The 2-dimensional 
STMaps formed are a method of visualizing of motility patterns. The x-axis of the 
spatiotemporal map indicates distance and the y-axis represents time. STMaps apply 
pixel intensity to quantify patterns of movement from the time lapse images because 
lumen closure creates a darkness that can be measured by this software. 
Spatiotemporal analysis allows quantification of interval, distance, velocity, and 
frequency of contraction from the site that initiates contractions. A single horizontal 
line can be overlaid smooth muscle contraction to measure the distance and velocity. 
Next, a rectangle was drawn over a narrow area in which all contractions were 
present from the top to bottom of the STMap. The average pixel intensity for each 
column in the image was calculated to determine the frequency of contraction and 
interval between contractions (Figure 5). 
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Quantification of Gastrointestinal Motility 
Spatiotemporal mapping was used to characterize the contractions along the 
gastrointestinal tract. A motility index (1 = coordinated, 0 = uncoordinated) of 
contraction coordination was listed for the larvae. STMaps showing 70% coordinated 
GI motility were considered coordinated. For all of the experiments the number of 
individuals and contractions were recorded. The distance, velocity, frequency, and 
interval between contractions were measured. The mean, standard deviation (SD), 
and standard error (SE) for the number of contractions was computed for the larvae. 
Values are reported as the mean with the measure of variability as standard error 
(MEAN±SE). 
Feeding Study 
Approximately half of the larvae were divided into fed or fasted groups 
(Figure 6). Feeding commenced at 5dpf through 7dpf and occurred at the same time 
each day. The time larvae were fed was recorded, for the ABTuebingen genetic 
lineage the feed time was 8:45am and for the ABix genetic treatment the feed time 
was 1 pm. Larvae were fed for 1 hour. During feeding the incubator light was 
switched on to promote feeding. Larvae were fed baby brine shrimp at 5dpf, dry food 
at 6dpf when the yolk sac had depleted and the gut was visible. Prior to analysis on 
7 dpf, the larvae were fed dry food labeled with FITC-dextran, feeding persisted for 1 
hour incubated at 26°C in the light. After feeding the larvae were transferred to a 
clean petri dish containing fresh E2. Control larvae remained unexposed to food 
labeled with FITC-dextran. Larvae were transferred to the refreshed petri dishes and 
were anesthetized with 0.75% tricaine. The number of larvae that had eaten was 
quantified using a fluorescent microscope, and fluorescence along the GI tract 
conferred the presence of the FITC-dextran in the lumen. 
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Obje1;tive: Characterize GI motility in the 
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Figure 6. Methods empioyd in the feeding study were summarized. 
Cisapride, Niflumic Acid, DIDS, and Dimethyl Sulfoxide Studies 
Acute exposure to each drug spanned 30 minutes when zebrafish larvae had 
reached 7dpf. A lOmg/lmL Cisapride in DMSO solution was used to form a lmM 
working solution. A serial dilution was performed with the lmM working solution in 
embryo media (E2). Cisapride doses included 1 OOµM in 0.5% DMSO, 1 OµM in 
0.5% DMSO, 1 µM in 5x10-2% DMSO, and 0.1 µM in 5x10-3% DMSO. The final 
concentration of Niflumic Acid was 1 OOµM dissolved in E2, from a O. lM working 
solution of Niflumic Acid dissolved in DMSO. The 4-4'-diisothiocyano-2,2'-
stillbene-disulfonic acid (DIDS) was lOmM dissolved in E2, from a lM stock 
dissolved in DMSO. Dimethyl sulfoxide (DMSO) is typically applied at a 
concentration less than 2% to serve as a vehicle control (MacRae et. al., 2003). 
Concentrations of 1 % and 2% DMSO were tested separately. The control group for 
these experiments consisted of larvae washed with embryo media E2. 
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Statistical Analyses 
The probability that the test statistic was significantly different than the null 
hypothesis was quantified by the calculated P values. The P values listed for the 
motility indices are from Fischer's Exact Test, (FET). The P values listed for the 
number of contractions, distance, velocity, frequency and interval between 
contractions are from unpaired or 2-tailed student t tests with equal variance. 
Differences in the mean were considered significant if P:S0.05. 
RESULTS 
Feeding Behavior 
The number of larvae that had eaten from the total number of larvae exposed 
to the fluorescently labeled tracer was determined in two genetic lineages of zebrafish 
larvae, ABix and ABTuebingen. Verification of larvae that had eaten was necessary 
to confirm the postprandial state, as most but not all larvae exhibit a feeding behavior 
when exposed to food. Certainty of feeding was established prior to comprising the 
fed groups. Dry food labeled with FITC-dextran was added to larvae dish and held at 
26°C for 60 minutes and 
exposed to light continuously. 
Unfed larvae were also 
exposed to light. Larvae were 
transferred to clean petri dishes 
containing fresh embryo 
medium, and fed larvae were 
examined for fluorescence in 
the GI tract. 
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Figure 7. Feeding behavior ofABix ,md ABTuebingen 7 
dpf larvae. Fluorescent marker was observed in 12 ABix 
larvae (N= 23) ,md 20 ABTuebingen larvae (N=28). 
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Figure 8. The pre,sence of contractions in the intestinal bulb was 
observed in all laivae of the ABix genetic lineage (N=l9). 
Contractions in the intestinal bulb region of the ABTuebingen 
were present for mil fed (N=5) and 3 fasted larvae (N=4). 
Fluorescent marker was observed in 12 ABix larvae (N=23) and in 20 
ABTuebingen larvae (N = 28) (Figure 7). Contractions were observed in the intestinal 
bulb and the mid to distal intestine for ABix larvae. Contractions were present in 
100% of the fed and fasted AB ix larvae (Figure 8). 
The presence of contractions in the intestinal bulb was observed from the 
spatiotemporal maps for two genetic lineages of larvae, AB ix and ABTuebingen. The 
presence of contractions was assessed to understand the activity of the gastrointestinal 
tract, in the intestinal bulb and mid to distal intestine. All larvae that had eaten from 
the ABix larvae (N=ll) and a subset of ABTuebingen larvae (N=5) that had eaten 
were observed for the presence of contractions. Contraction presence was also 
observed in control groups for ABix (N=8) and ABTuebingen (N= 4) that were never 
exposed to fluorescence. 
The intestinal bulb region was assessed for the presence of contractions 
(Figure 8). Contractions were detected in the intestinal bulb region of all fed larvae 
from the ABix (N= 11) and ABTuebingen (N=5) genetic lineages. Contractions were 
also observed all fasted larvae from the ABix genetic lineage (N=8). The fasted 
ABTuebingen had a presence of contractions in 3 or 75% of the larvae examined 
(N=5). 
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Figure 9. The presence of contractions in the mid and distal 
intestine regions was observed in all larvae of the ABix genetic 
lineage (N=19). Contractions in the mid and distal intestine 
regions of the ABTuebingen genetic lineage were present in 4 
fed (N=5) and 2 fasted larvae (N=4 ). 
Contraction presence was assessed in the mid and distal intestine regions 
(Figure 9). Contractions were observed in the mid and distal intestine regions in all 
fed larvae from the ABix genetic lineage (N= 11). Contractions were also observed 
all fasted larvae from the ABix genetic lineage (N=8) and in 2 or 50% of fasted larvae 
from the ABTuebingen genetic lineage (N=4). The ABTuebingen genetic lineage 
experienced contractions in 4 or 80% offed larvae (N=5). 
Feeding Study - Intestinal Bulb Region 
Intestinal bulb region gastrointestinal motility was characterized m 7 dpf 
larvae from ABix genetic lineage. Coordination of contractions was present in 3 
control larvae (N=8) and 4 fed larvae (N=l 1). A significant difference was observed 
in the number of contractions for the control 8.6±1.4 and fed 12.2±1.3 larvae of the 
ABix genetic lineage (P = 0.04, P:S0.05) (Table 1, Figure 10). Distance of fed larvae 
1 l 1.0±5.7µm increased compared to control 79.9±5.9µm (P = 8.19E-04, P:S0.05). No 
differences occurred in velocity, frequency, and interval for the ABix genetic lineage 
in the fed or fasted states (Table 2, Figures 10 and 14). 
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Intestinal bulb region gastrointestinal motility was characterized for larvae 
from the ABTuebingen genetic lineage. Contraction coordination was present in 3 
control larvae (N= 4) and 2 fed larvae (N=5) (Table 3, Figure 11). No differences 
were observed in the number of contractions, distance, velocity, frequency, and 
interval between contractions for larvae from the ABTuebingen genetic lineage in the 
intestinal bulb region (Table 4, Figures 11 and 15). 
Table 1. Gastrointestinal motility was observed in the intestinal bulb region of Dania rerio larvae 
from the genetic lineage ABix. The number of contractions increased in the postprandial state: (P = 
0.04, P<:::0.05). 
Con traction C1iaracterization Number of 
Number of 
Individuals Contractions(#) 
Treatment Coordinated. Uncoordinated Count(N) .'vlEAN SD SE 
Control 3 5 8 8.6 3.9 1.4 
Fed 4 7 11 l' '* 4.4 1.3 
Table 2. Quantificcition ofgastroi:ntestinal motility in the intestinal bulb region of larvae from the 
AB ix genetic lineage. Contraction distance increased in the postprnnclial state (P = 8. l 9E-O-L 
PS0.0:'i). Frequency 
Distance (~un) Velocity (µm/sec; (count/min) Interval (sec) 
----
-----~--- ----- -
Treatment .'vlE.-\N SD SE :r:vfE-\N SD SE l\lEA.N SD SE IvlEA.N SD SE 
Control 79.9 16.6 5.9 1.8 0.4 0.1 1.3 0.5 0.2 62.8 25.0 8.8 
Fed 111.0* 18.8 5.7 L9 0.2 (J.05 1.8 0.7 0.2 46.6 18.9 5.7 
Table 3. Gnstrointesti11i1l motility ,vas observed in the intestinal bulb region of 7 dpf Dania 
T"t'Tfo larvne from the genetic lineage ABTuebingen. 
Contraction C1rnracterization 
Number of Number of 
Individuals Con tractions (#) 
-------~-- -----~ 
Treatment Coordinated Uncoordinated Count(N") r.IE.\N SD SE 
Control ' 1 4 8.5 6.0 3.0 ~ 
Fed ' 3 5 S.4 S.4 2.4 
Table .t. Qum1tification ofgastrointestmal motility in the intestinal bulb region of larvae from the 
genetic lineage ABTuebingen. 
Distance (~tm) \'elocity (~tmlsec) Frequency Interval !sec) (count/min; 
Treatment .tvlE'-\N SD SE ME-\N SD SE IvIE.\.N SD SE l\IE.\.N SD SE 
Control 105.8 11.2 6.4 7.3 0.8 0.4 1..5 11 0.5 41.7 12.7 7.3 
Fed 121.9 46.4 20.8 6.l 1.5 0.7 1.3 0.6 03 76.4 39.7 17.S 
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Figure 10. Feeding stimulates gastrointestinal motility in the intestinal bulb for fed larvae from tl11~ 
ABix genetic lineage. The motility index was determined for fed and fasted larvae (Panel 1). The 
number of contractions (Panel l), contraction frequency, interval.. distance, and velocity were 
compared in the fed and the fasted states (Panels 3-6). The number of contractions (P = 0.04, 
P:::0.05) and distance (P = 8. l 9E-04, P:::0.05) increased during the fed state. 
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Figure 11. Gastrointestinal motility remained the same in the intestinal bulb of larvae from the 
ABTuebingen genetic lineage durilllg the postprandial state. The motility index was determined for 
fed and fasted larvae (Panel 1 ). The number of contractions (Panel 2), contraction frequency, 
interval, distance, and velocity were compared in the in the fed and the fasted states (Panels 3-6). 
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Feeding Study - Mid and Distal Intestine Regions 
The mid and distal intestine region gastrointestinal motility of 7dpf zebrafish 
larvae from the ABix genetic lineage was evaluated. Coordination of contractions 
was present in 8 control larvae (N=8) and 10 fed larvae (N=ll) (Table 5, Figures 12 
and 14). There was a significant difference in control velocity 5.8±0.4µm/sec and fed 
velocity 4.8±0.2µm/sec (P = 0.02, P:S0.05). No differences occurred in distance, 
frequency, and interval for the ABix genetic lineage in the fed or fasted states mid 
and distal intestine regions (Table 6, Figures 12 and 14). 
Table 5. Gastrointestinal motility Yvas observed in the mid and distal intestine regions 
of 7 dpfDm ,;o rerio larvae from the genetic lineage AB ix. 
Con traction Ch aract e1ization 
Number of Number of 
Individuals Contractions(#) 
Treatment Coordinated Uncoordinated Count (N) MEA.N SD SE 
Control 8 0 8 8.6 0.9 0.3 
Fed 10 11 8.0 1.5 0.5 
Table 6. Qmmtification ofgastrnintestinal motility in the mid and distal intestine regions of 
larvae from the ABix genetic lineage. Contraction velocity decreased in the postprandial 
state (P = 0.02. P::C:0.05). 
Distance (~tm) Frequency Interval (sec) l count/min) 
Treatment !vIE.\N SD SE l\!EA.N SD SE MEA.N SD SE MEA.N SD SE 
Control 392.4 48.9 17.3 .5.8 1.1 0.4 l ' . .:.. 0 . .2 0.1 59.6 6 .. { 2.2 
Fed 363.4 38.4 11.6 4.8* 0.7 0 . .2 1..2 0 . .5 0.2 64.9 14.6 4.4 
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Figure 12. ).lid and distal intestine gastrointestinal motility was summruized for 
7dpf Dania rerio larvae of the AB ix genetic lineage. The motility index was 
detem1ined for fed and fasted larvae (Panel I). The number of contractions (Panel 
2), contraction frequency, interval, distance, and velocity from fed and the fasted 
states were compared (Panels 3-6). Velocity was reduced in fed larvae (P = 0.02, 
P::0.05). 
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Mid and distal intestine region gastrointestinal motility was characterized for 
larvae from the ABTuebingen genetic lineage. Contraction coordination was greater 
in 4 fed larvae (N=5) than O control larvae (N= 4) (P=0.05; Fischer's Exact Test, 
FET) (Table 7, Figures 13 and 15). No differences were observed in the number of 
contractions, distance, velocity, frequency, and interval between contractions for 
larvae from the ABTuebingen genetic lineage in the mid and distal intestine regions 
(Table 8, Figures 13 and 15). 
Table 7. Gastrointestinal motility was observed in the mid and distal intestine regions of 7dpf 
Dania rerio larvae from the genetic lineage ABTuebingen. 
;"umber of :\'umber of 
Contraction C1iaracterization 
Individuals Cormaction ~ (#) 
Treatment Coordinated Uncoon:liriated Count (:\l :.,f£q_:'\ SD SE 
Control 0 
-+ -+ L8 2A < -, L-
Fed 4* l" 5 6.2 ' ' l,"7 
Table 8. Qunntifirntion ofgnstrointestinal motility in the mid and cl 1st al mtestme r eg10m of 
larvne fi:om the genetic lineage ABTuebingen. 
Distance (µm) \'elocity (µn:1/~.ecj Frequency ( ccmn ti min i lntervai (sec) 
Treatment MEAN SD SE MEA.N SD SE MEA.N SD SE :M£q_::--J SD SE 
Control 
Fed 
211.5 63.0 44.5 
247.4 56.3 28.1 
-:'.9 3.6 2.5 
6.7 
L51 ().fJ6 0.04 48.S lfJ.3 7.3 
l.1)2 0.14 66A 22.1 11.0 
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Figure 13. Mid and distal intesiinti gastrointestinal motility was characterized for 7dpfDanio rerio 
larvae of the ABTuebingen genetk tineage. The motility index was detennined for fed and fasted 
larvae (Panel l ). The number of contractions (Panel 2), contraction frequency, interval, distance, 
and velocity from fed and the fasted states were compared (Panels 3-6). A significant difference 
\Vas observed for contraction coordination (P=0.05; Fischer's Exact Test, FET). 
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ABix Feeding Study 
Figure 14. Rt:prt:st:utativt: spatiokmporal maps offaskd and fod larvat: oftht: 
ARix genetic lineage. 
ABTuebingen Feeding Study 
Figure 15. Representative spatiotemporal maps of fasted and fed larvae of the 
ABTm:bingt:n gendit: lint:agt:. 
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Cisapride 
Dose response to the drug Cisapride was assessed in 7 dpf zebrafish larvae. 
Cisapride has not been studied in the zebrafish but is a prokinetic known to increase 
GI motility in humans. The gastrointestinal tract was assessed for the presence of 
contractions in control and Cisapride exposed larvae. Contractions were observed 
from in the intestinal bulb region of 7 control (N=9) and 6 larvae exposed to the 
vehicle control 1 % DMSO (N=7) (Table 9). The presence of contractions occurred in 
the intestinal bulb for all larvae exposed to 0.1 µM Cisapride (N=2), 1 µM Cisapride 
(N=2), 10 µM Cisapride (N=2), and in 2 larvae exposed to lOOµM Cisapride (N=4). 
A presence of contractions was observed in the mid and distal intestine of 7 control 
larvae (N=9) and 6 larvae exposed to 
1 % DMSO (N=7) (Table 10). 
Contractions were present for all 
larvae exposed to Cisapride m the 
mid and distal intestine. 
The effect of Cisapride on 
gastrointestinal motility was 
evaluated in the intestinal bulb region. 
Coordination of contractions in the 
Table 9. 111e presence of contractions was 
detected in the intestinal bulb region of control 
larvae. 1 %> DlVISO and Cisapride exposed 
larvae. 
Line 
Control 
l'lo DI\!SO 
O.lpM Cisapride 
1 p.t\1 Cis apride 
10r1.L\1 Cisapride 
lOOpM Cisapride 
.'Tumber of 
Larvae (N) 
9 
7 
') 
2 
Presence of 
Con tractions 
7 
6 
2 
2 
2 
2 
intestinal bulb was present in 4 control larvae (N=9) and 2 larvae exposed to 1 % 
DMSO (N=7) (Table 11, Figures 16 
and 18). All individuals exposed to 
O.lµM Cisapride (N=2), lµM 
Cisapride (N=2), and lOµM 
Cisapride (N=2) had coordinated 
contractions in the intestinal bulb 
reg10n. Contraction coordination 
occurred in 2 larvae exposed to 
lOOµM Cisapride (N=4) in the 
Table 10. 111e presence of contractions was 
detected in the mid and distal intestine regions of 
control larvae. 1 % DtvISO and Cisapride exposed 
larvae. 
T rea tnien t 
Control 
1%, DMSO 
0.1 pI\! Cisapridt> 
l pl'v! Cis a pride 
lOpM Cisapride 
lOOp.M Cisapridt> 
Number of 
Larvae (N) 
9 
7 
2 
3 
Presence of 
Contracti:ons 
~ 
I 
6 
2 
2 
3 
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intestinal bulb. An increase in the number of contractions across control 11.2±2.9 
and 0.1 µM Cisapride exposed larvae 28.5±5.5 occurred (P = 0.02). The number of 
contractions increased from 11.2±2.9 to 23.0±2.0 in lOµM Cisapride exposed larvae 
(P = 0.02). No differences occurred in distance, velocity, frequency, and interval for 
the 7dpf control and Cisapride exposed larvae in the intestinal bulb region (Table 12, 
Figures 16 and 18). 
Table 11. Gastrointestinal motility was observed in the intestinal bulb region of 7dpf Dania reria 
larvae exposed to 1 % DMSO and Cisapride. An increased number of contractions occurred for O. lµM 
Cisapride exposed larvae (P = 0.02, P:S0.05). The number of contractions for increased following 
exposure tolOµMCisapride compared to control (P = 0.05,PS:0.05). 
Con traction C1iarncterization 
Number of Number of 
Individuals Con tractions (It) 
Treatment Coordinated Uncoordinated Count (N) IYIEAN SD SE 
Control 4 5 9 11.2 8.8 2.9 
1%DMSO 2 5 7 13.7 8.3 3.1 
O. lµM Cisapride 2 0 1 28.5* 7.8 5.5 
lµM Cisapride 2 0 2 12.5 0.7 0.5 
1 OµM Cis apride 2 0 2 23* 2.8 2:0 
100µ:lvf Cisapride 2 2 4 9.8 12.1 6.1 
Table 12. Quantification of gastrointestinal motility in the intestinal bulb region of intestinal bulb 
region of7dpf Dania reria larvae exposed to 1 % DMSO and Cisapride. 
Distance (~un) Velocity Frequency Inter\'al (sec} ( ~uni sec) (count/min) 
Treatment lVIE.c\.N SD SE MEAN SD SE r,IE.\N SD SE Iv!EAN SD SE 
Control 144.9 45.4 17.2 7.6 1.5 0.6 3.5 1.6 0.6 28.5 LU 5.1 
1%DMSO 107.7 39.4 16.1 6.6 1.7 0.7 3.6 1.2 0.5 3L3 E.4 5.5 
O.lµM Cisapride 104. l 3.1 1 ., ~.L. 3~ ,:, 0.5 0.3 ., .--., 2.7 1.9 20.7 6.2 .~ ..'l L..L. '+.~ 
lpM Cisapride 139.7 34.7 24.5 7.6 1.0 0.7 3.5 07 0.5 25.9 0.0 0.0 
lOµM Cisapride 137.3 28.2 19.9 9.3 1.6 1.1 3.6 1.3 1.0 20.6 2.9 2.1 
lOO~tM Cisapride 120.5 18.5 13.1 7.2 2.1 1.5 3.0 0.1 0.1 23.4 2.9 2.0 
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Figure 16. The intestinal bulb region gastrointestinal motility was characterized in larvae exposed 
to 1 % rnvISO and Cisapride. The motility index was detennined for drug exposed larvae (Panel 1). 
The number of contractions (Panel 2), contraction frequency, interval, distance, and velocity were 
compared in the in the drug expose:d states (Panels 3-6). TI1e number of contractions increased in 
larvae exposed to 0.1 µM Cisapride: (P= 0.02, P-::0.05) and l OJ.1~·,I Cisapride (P= 0.05, Ps0.05). 
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The effect of Cisapride on gastrointestinal motility was evaluated for the mid 
to distal intestine regions. Coordination of contractions in the mid and distal 
intestines was present in 6 control larvae (N=9) and 6 larvae exposed to 1 % DMSO 
(N=7) (Table 13, Figures 17 and 18). Coordinated contractions in the mid to distal 
intestine were evident in 2 larvae exposed to 0.1 µM Cisapride (N=2), 1 larvae 
exposed to 1 µM Cisapride (N=2), 2 larvae exposed to 1 OµM Cisapride (N=2), and 1 
larva exposed to lOOµM Cisapride (N=3). There was no difference in the number of 
contractions across treatments. 
Distance was reduced from 367.2±20.3µm to 306.7±18.6µm in and 1 % 
DMSO exposed larvae (P = 0.03). The control interval 54.9±5.Ssec increased in 
response to lµM Cisapride exposed larvae 76.7±4.lsec (P = 0.04). The velocity 
increased from 7.7±0.6µm/sec to 9.6±0.Sµm/sec by lOµM Cisapride exposure (P = 
0.03) and 12.6±3.8µm/sec by lOOµM Cisapride exposure (P = 0.03). No difference in 
frequency occurred across treatments for the 7 dpf larvae in the intestinal bulb region 
(Table 14, Figures 17 and 18). 
Page 50 of 132 
Table 13. Gastrointestinal motility was observed in the mid and distal intestine region of7dpf 
Dania rerio larvae exposed to 1 % DMSO and Cisapride. 
Contraction Charnckrization Number of Number of 
Individuals Con tractions (#) 
Treatment Coordinated Uncoordinated Count (N) MEAN SD SE 
Control 6 3 9 6.8 4.5 1.5 
1% DMSO 6 1 7 8.3 4.1 1.6 
0.111M Cisap1ide ., 0 2 9.0 0.0 0.0 "-
1 ~c1vr Cisapride 1 2 5.5 2.1 1.5 
lOµM Cisapride 2 0 2 9.0 1.4 1.0 
iOOµM Cis apride 2 3 7.0 3.5 2.0 
Table 14. Quantification of gastrointestinal motility in the mid and distal intestine region of7 dpf 
Dania rerio larvae exposed to 1 % DMSO and Cisapride. Velocity increased in lOµM Cisapride 
(1) = 0.03,P:S:0.05) and lOOµMCisapride (P = 0.03, P:S:0.05) compared to control.Interval 
increased in 1 ~1M Cisapride exposed larvae compared to control (P = 0.04, P:S:0.05). 
Distance (~tm) Velocity Frequency Interval (sec) (µnJsec) (count/min) 
Treatment .t\lEAN SD SE l'vlEAN SD SE rv!EAN SD SE MEAN SD SE 
Control 367.2 53.8 _:().3 7.1 1.5 0.6 u 0.6 0.2 :H.9 1-U 5.5 
1%DMSO 306.7 -1-5.6 18.6 7.7 1.6 0.6 1.1 0.3 0.1 58.3 13.9 s:1 
O. lp,'vl Cisapride 353.0 38.2 ~:7.0 8.9 0.4 0.3 1.0 0.03 0.02 60.8 2.4 l •7 
lµj\[ Cisapride 371.8 28.7 20.3 8.9 1.3 1.0 0.8 0.0 0.0 76.7* 5.8 4.l 
10 p:,,I Cis apride 372.8 22.0 15.6 9.6* 0.7 0.5 1.1 0.1 0.1 60.3 0.1 0.0 
lOO~t:tvI Cisapride 345.1 39.3 22.7 12.6* 6.6 3.8 1.0 0.4 0.2 71.9 34.3 19.8 
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Figure 17. A summary of gastrointestinal motility in the mid and distal intestine regions for control 
larvae and la.ffae exposed to the prokinetic drng Cisapride. The motility index was listed for drug 
exposed larvae (Panel 1). The number of contractions (Panel 2), contraction frequency, interval, 
distance, and velocity ,vere compared in the drug exposed state (Panels 3-6). Distance decreased in 
larvve exposed to I %1 Dl\'1SO (P = 0.03, Ps.0.05). Interval increased in response to I µM Cisapride 
tP = 0.04,P::0.05). Velocity increased with lOp:\I Cisapride (P = 0.03, PS.0.05) and lOOpM 
Cisapride exposure (P = 0.03, P::0.05). 
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Cisapride Exposed Larvae 
Figure 18. Representative spatiotemporal maps of control and laivae treated with 1 % 
DMSO or O.lµM-lOOµMCisapride. 
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Niflumic Acid and 4-4'-Diisothiocyano-2,2'-Stillbene-Disulfonic Acid (DIDS) 
Exposure to drugs Niflumic Acid and 4-4'-diisothiocyano-2,2'-stillbene-
disulfonic acid (DIDS) were assessed in 7dpf zebrafish larvae. Niflumic Acid and 
DIDS are drugs known to inhibit Ca2+-activated Cl- channels (CaCC) in murine, 
primate, human small intestine and stomach, yet have not been studied in the 
zebrafish (Ward et. al. 2009). 
The gastrointestinal tract was assessed for the presence of contractions in 
following exposure to lOOµM Niflumic Acid or lOmM DIDS. Contractions were 
observed in the intestinal bulb region of 89% of control larvae, 42% ofNiflumic Acid 
treated larvae, and 75% ofDIDs treated larvae (Table 15). In contrast, in the mid and 
distal intestine contractions were present in all control and treated larvae (Table 16). 
The effect of Niflumic Acid 
and DIDS on gastrointestinal 
motility was evaluated m the 
intestinal bulb region. Coordinated 
contractions in the intestinal bulb 
region were reduced in Niflumic 
Acid and in DIDS treated larvae 
Table 15. 'l11e presence of contrnction,; was 
dckdcd in the intestinal bulb region of Nitlumic 
Acid and DIDS exposed larvae. 
Number of Presence of 
Treatment Larvae (N) Contraciions 
Fasted 9 s 
100µM Niflumic Acid 12 5 
lOmM DIDS 4 3 
when compared to control larvae (Table 17, Figures 19 and 21). Quantification of 
individual contractions showed that Niflumic Acid decreased the number of 
contractions from 15.9±3.2 to 6.8±3.1 (P = 0.03). Niflumic Acid increased 
contraction distance from 138.9±12.2µm to 176.2±3 l.2µm (P= 0.04), but had no 
effect on velocity, frequency, or interval between contractions. Exposure to DIDS 
increased contraction velocity and 
decreased contraction frequency 
(Table 18, Figures 19 and 21 ). 
Table 16. TI1e presence of contractions was 
detected in the mid and distal intestine regions of 
Niilumic Acid and DIDS exposed larvae. 
Treatment 
:\"umber of Pt't'sence of 
Larvae {_)J) Con tractions 
Fasted 9 9 
lOO~iM Nitlnmit: Acid !..: 12 
lOmM DlDS l l 
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Table 17. Gastrointestinal motility was observed in thi.: intestinal bulb ri.:gion of 7dpf JJanio 
rerio larvae exposed to the Ni1lurnir.: Ar.:id and DJDS. 
Con l:radion Characlt:riLatiuu 
Nur.nber of Number of 
Individuals Cuutrnc.:tiuus (if) 
Treal:nk:nl: t'oordinalt:d 1.Jucoun.iiuated Cuunl: (N) Ml:AN SD SE 
Control <> 3 9 LS 9 ').7 :, 2 
I0011M Nitluruic Acid 3 9 12 6.8'' 10.7 Jl 
l OmM DlDS :, 4 12.8 9.5 •18 
Table 18. Quantification of gastrointestinal motility in the intestinal bulb region of 7 dpf 
Dania rerio larvae exposed to Niflumic Acid and DIDS. The distance increased in Niflumic 
Acid exposed larvae (P = 0.04, P:S0.05). Velocity increased (P = 0.04, P:S0.05) and 
frequency decreased (P = 0.01, P:S0.05) in DIDS exposed larvae when compared to control. 
Treatment 
Control 
Distance (µm) Yelocity (µm/sec) 
Frequency 
(count/min) Interval (sec) 
MEAN SD SE :v{Eq_N SD SE ME.\N SD SE 1'1E.\N SD SE 
138.9 34.5 12.l 6.3 1.3 0.5 2.9 0.5 0.2 28.3 8.6 3.1 
10C\1M Ni±1umic Acid 176.l* 31.5 14.1 7.4 4.1 1.9 3.0 0.9 0.5 24.0 0.7 0.4 
10m1'vI DIDS 147.9 82.3 4 7.5 8.0* LO 0.6 1.8* 0.7 0.4 27.4 3.5 l.O 
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Figure 19. Intestinal bulb region g;astrointeslinal motility \Vas characterized in larvae exposed to 
Niflumic Add and DIDS. The motility index was detemiined for dmg exposed lan•ae (Panel 1). 
The number of contractions (Pane:l 2), contraction frequency, interval. distance, and velocity \Vere 
compared in the in the dmg exposc!d states (Panels 3-6). The number of contractions \Vere reduced 
(P= 0.03, Ps0.05), and contractioin distance increased in larvae exposed to Niflumic Acid (P= 
0.04, P:::0.05). The velocity incremsed (P= 0.04, P:::0.05) and frequency decreased in larvae 
exposed to DIDS (P= 0.0 !, Ps0.05). 
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The effect of Niflumic Acid and DIDS on gastrointestinal motility was 
evaluated for the mid and distal intestine regions. Both drugs reduced contraction 
coordination compared to control larvae (Table 19, Figures 20 and 21). The number 
of contractions was also reduced by Niflumic Acid, but not by DIDS. Contraction 
distance was reduced by Niflumic Acid, but not by DIDS, and contraction velocity 
and frequency were unaffected (Table 20, Figures 20 and 21 ). 
Morphologically the GI tract of Niflumic Acid and DIDS exposed larvae 
appeared to be undersized and compacted. Other observations of the larvae revealed 
GI motility unlike vehicle or control groups. Exposure to Niflumic Acid caused 
unusual contractions accompanied by a skeletal muscle twitch above the GI tract. 
Exposure to 1 OOµM Niflumic Acid additionally caused bradycardia in a fraction of the 
larvae examined (Table 36, Figures 20 and 21). 
Table 19. Gastrointestinal motility was observed in the mid and distal intestine regions of 7dpf Dania 
rerio larvae exposed to Niflumic Acid and DIDS. Coordination was reduced in I Oml\1 DIDS exposed 
larvae (P = 0.02, P::S0.05) and the number of contractions was reduced in lOOµM NiflumicAcid 
exposed larvae (P = 0.02, P::S0.05). 
Con traction C11aracterization Number of Number of 
Individuals Contractions (#) 
T rea tmen t Coordinated Uncoordinated Count (N) MEA.N SD SE 
Control 7 2 9 8.3 2.6 0.9 
lOOrtM Niflumic Acid 4 8 12 4.5* 4.8 L4 
I0m1\'1 DIDS l* 3* 4 6.5 3.1 1.6 
Table 20. Quantification of gastrointestinal motility in the mid and distal intestine regions of7dpf 
Dania rerio larvae exposed to Niflumic Acid and DIDS. The distance decreased in Niflumic Acid 
exposed larvae (P = 0.04, P::S0.05). 
Distance (µm) 
Treatment MEAN SD SE 
Control 376.0 55.0 18.3 
lOOpM Niflumic Acid 319.9* 75.5 26.7 
lOimvI DIDS 354.8 -B.9 21.9 
Velocity 
( µmi sec) 
Frequency 
(count/min) Intervfll (sec) 
MEAN SD SE MEA.N SD SE MEc\N SD SE 
8. 7 1.9 0.6 1.2 0.8 0.3 71.0 35."7 1L9 
10.2 5.8 2.1 0.9 0.4 0.2 97.1 54.5 20.6 
7.8 2.5 1.2 1.1 0.6 0.3 84.7 52.3 26.l 
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Figure 20. ~·lid and distal intestine: gastrointestinal motility was characterized in larvae exposed to 
~it1umic Acid and DlDS. The mo1tility index was detennined for drug exposed larvae (Panel 1). 
TI1e number of contractions (Panel 2), contraction frequency, inteival, distance, and velocity were 
compared in the in the drug exposed states (Panels 3-6). TI1e distance was reduced (P= 0.05, 
P:'.'::0.05)and number of contractions (P= 0.02, P:'.'::0.05)were reduced in huvae exposed to Nii1umic 
Acid. The coordination of contract ions was reduced in larvae exposed to DIDS (P= 0.02, P:::0.05). 
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NiflumicAcid and DIDS Exposed Larvae 
Figure 21. Representative spatiotemporal maps of control and larvae treated with 
lOOµM~iflumicAcid or lOmMDIDS. 
Dimethyl Sulfoxide (DMSO) 
Potential effects of dimethyl sulfoxide (DMSO) on gastrointestinal motility 
were assessed because Niflumic Acid and Cisapride were dissolved in DMSO. 
Contractions were observed in 100% of control and DMSO exposed larvae in the 
intestinal bulb region (Table 23). Contractions were observed in 100% of control 
larvae in the mid and distal region, and contractions were also observed in DMSO 
treated larvae (Table 24). 
Table 23. TI1e presence of contractions 
\Vas detected in the intestinal bulb 
region of larvae exposed to dimethyl 
sulfoxicle (DtvISO). 
~umber of Pre:sf:'nce of 
Treatment Larvae (N) Con tractions 
Control r, ,. 6 
1%DMSO 6 6 
2°·,, DI\ISO 3 3 
Table 24. TI1e presence of contractions was 
detected in the mid and distal intestine region 
oflmvae exposed to dimethyl sulfoxide 
(DlVISO). 
i'lumber of Presence of 
Treatment 
Larvae ('N) Con tractions 
Control 6 6 
1%DMSO 7 7 
2°·o D!vISO 3 2 
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In the intestinal bulb region of the contractions appeared to be coordinated in 
67% of control larvae (N=6), but after exposure to 1 % DMSO contractions were 
coordinated in 16.6% of larvae (Table 25, Figure 22). The total number of 
contractions was unaffected by DMSO, and no differences were observed in distance, 
velocity, frequency, or interval in the control or DMSO exposed states for the 
intestinal bulb or mid to distal intestine regions (Table 26, Figure 22). 
Table 25. Gastrointestinal motility ,vas observed in the intestinal bulb region of 7dpf Danio 
rerio larvae exposed to dimethyl sulfoxide (DMSO). 
Con tractio11 C1iaracterization 
Number of Number of 
IndiYiduals Con tractions ( =!.\ 
,'; 
Treatment Coordinated Uncoordinated Count (N) :-.IEAN SD SE 
Control 4.0 2.0 6.0 16.7 8.2 3-4 
1%DMSO 1.0 5,0 6.0 9.7 6. l 2.5 
2% DMSO 1.0 2.0 3J) 9.0 5,3 3J 
Table 26. Quantification of gastrointestinal motility in the intestinal bulb region of 7dpf Dania 
rerio larvae exposed to dimethyl sulfoxide (DMSO). 
Distance (µm) \"elocity (µr:n/s ec) Frequency lnter,al Csf':'c) (count1rninj 
Treatment MEAN SD SE ?vfE,\N" SD SE )\fE:>,.N SD SE ~\1E-\N SD SE 
Control 120.7 27.2 11.1 6A Ll 0 ,\ ~f ..,. 0.7 (J.3 30.0 15.7 6.4 ,; ..... , 
l°'o DMSO 126.6 46.9 19.1 6A cu 0.2 .., .., LO 0.4 39.l 22.2 9.1 
2%DMSO 162.2 65.9 38.0 5.4 LO 0.6 2.0 LO 0.6 44_7 26.S 15.5 
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In the mid and distal intestine regions contractions appeared to be coordinated 
in 100% of control larvae and DMSO did not affect coordination (Table 27, Figure 
23). DMSO did not affect the number of contractions, distance, velocity, frequency, 
or interval between contractions in the mid to distal intestine regions (Table 28, 
Figure 23). 
Table 27. Gastrointestinal motility was observed in the mid and distal intestine regions of 
7dpf Dania reria larvae exposed to dimethyl sulfoxide (DMSO). 
Number of Number of 
Con traction Characterization 
Individuals Contractions(#) 
Treatment Coordinated Uncoordinated Count (N) :\lEAN SD SE 
Control 6 0 6 10.5 1.8 0.7 
1%DMSO 6 1 7 9.4 2.4 0.9 
2°·o DMSO 2 1 3 6.3 5.7 3.3 
Table 28. Quantification of gastrointestinal motility in the intestinal bulb region of 7 dpf 
Dania reria larvae exposed to dimethyl sulfoxide (DMSO). 
Distance (µm') Velocity Frequency Interval (sec) (µm/sec) ( COUll t/min) 
Treatment MEAN SD SE ME.\N SD SE MEAN SD SE :\IE.\N SD SE 
Control 323.-+ 38.4 15.7 6.9 2.0 0.8 1.2 0.2 0.1 52.3 5<. ~ <.... ... ) .. ·L·+ 
1°·o Drv1SO 339.8 49.4 18.7 7.5 1.5 0.6 1.2 OJ 0.04 54.3 7.9 3.0 
2% Dr:vlSO 270.2 36.l 25.5 5.6 0.6 0.4 1.2 0.1 OJ. 50.4 1.8 u 
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Figure 23. The mid and distal intestine region gastrointestinal motility was characterized in larvae 
exposed to dimethyl sulfoxide (DMSO). The motility index was determined for dmg exposed 
larvae (Panel 1 ). The number of contractions (Panel 2), contraction frequency, interval, distance, 
and velocity were compared in the in the dmg exposed states (Panels 3-6). 
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Colourless Mutants 
The colourless mutants lacked pigmentation yet had the same morphological 
traits, including the GI tract, as wild-type larvae by 2dpf (Figure 24). The eyes, brain, 
and heart were apparent by 2dpf in the colourless larvae. By 7dpf the morphology, 
development, and gastrointestinal tract of colourless larvae were phenotypically 
different. Small clusters of rough pigment cells appeared over the GI tract in an 
atypical form (Figure 25A). The smooth muscles of the GI tract appeared distended in 
the colourless mutants yet the entire length of the GI tract appeared to be reduced 
(Figure 25A). In addition, the tissue initiating contractions appeared to span a longer 
region of the gastrointestinal tract than in control larvae. 
Fignl'E> 2~. The development of co!o11rfess lnrvae was evaluated nt 2 days post-
fertilization (dpt). The co!o11r!ess larva (Panel A) shares the similar mo1vhological traits 
as the wild-type larvae (Panel B). with the exception of pigmentation. 
Page 64 of 132 
Figun' 25. The gnstrointestinnl tract wns evnhrnted in co/011rfess lnrvne at 7 day:, post-
fertilizntion (dpt). The co/011rfess lnrvn (Pnnel A) lrnd nlteratiom in p igmentntion nnd 
smooth mmde formation nlong the GI tract thnt did not resemble the phenotype ofwild-
type larvne (Pnnel B). 
Gastrointestinal motility in colourless mutants was assessed in 7 dpf zebrafish 
larvae. The presence of contractions was assessed in the intestinal bulb and mid to 
distal intestine regions. Contractions were observed in 83% of the colourless larvae 
in the intestinal bulb region (N=6) (Table 29). The presence of contractions in the 
mid and distal intestine region was apparent in 100% of the colourless larvae (N=6) 
(Table 30). 
T.iMe 29. TI1e pre;,ence of contraction~ wns T,ible 30. Tile prese1Ke of l'Ontradionswa::; 
detected in the inte:,ti1rnl bulb regim1 ofco!o11r!css detected in the mid :ind distal intestine regions of 
larvae. Number of Presence of cofo11,-fcss lmvae. Number of Presence of 
Line Line 
LatYae (N) Commctions LmYae (N) Contractions 
Control 6 6 Coutrnl 6 6 
Coluur!ns 1\IuLaJJL 6 5 Colo11rle,s lv[utallt 6 6 
In the intestinal bulb and mid to distal intestine regions contractions were 
coordinated in 50% of the colourless larvae (N=6). The total number of contractions, 
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distance, velocity, frequency, and interval between contractions were quantified for 
the intestinal bulb and mid to distal intestine regions (Tables 31-34, Figures 26-27). 
Colourless larvae were compared to the control group from the dimethyl 
sulfoxide (DMSO) experiment. It was discovered that in the intestinal bulb velocity 
increased from 6.4±0.4 to 7.3±0.2 (P = 0.05) in colourless larvae. The number of 
contractions decreased 10.5±0.7 to 7.2±1.6 (P = 0.04) and the distance increased to 
323.4µm±15.7µm to 409.lµm ± 25.7µm (P = 0.01) in the mid to distal intestine 
(Figure 26). 
Table 31. Gastrointestinal motility was observed in the intestinal bulb region of 7dpf 
colo11rfess Dania rerio larvae. 
Number of Number of 
Contraction Characterization 
Individuals Contractions (#) 
Treatment Coordinated Uncoordinated Count (N) MEAN SD SE 
C\mtrol .i ., ,1. 6 16.7 8.2 3.4 
C'o!ourjess Mutant 3 3 6 18.2 13.7 5.6 
Table 32. (.)m1Hlifil·atioll of !;(<1slruiuksti11al motility iu lhe iutestiHal bulb regiou of 7 llpf wlourle.)·s 
Da11io rf!rio larvae. Velocity Frequency 
Distance (pm) (ruu/sec) (count/min) Interval (sec·, 
T reatmeu r l\IEAN SD SE MEAN SD SE MEAN SD SE ;\lEAN SD SE 
Control 120.7 27.2 11.1 6.4 1.1 0.4 2.7 0.7 cu 30.0 15.7 6.4 
Colourless Mnt:,nt 111.6 2S.6 12.8 7.3* 0.5 0.2 4.0 1.7 08 228 13. l S.8 
Table 33. Gastroi11testim1I motility \Vas observed in the mid and distal iutestiue region of 
7 dpfcolu11rless Dania reriu larvae. 
Con traction Characterization 
Number of Number of 
Individuals Contractions (#) 
Treatment Coordinated Uncoordinated Count (N) ME.c\N SD SE 
Control 6 0 6 10.5 1.8 0.7 
Colourless r-.Iutaut 3 3 6 7.:<t 3.9 1.6 
Table 34. <~um1tificatio11 of gastroiutestinal motility iu the mid to distal iutestine region of 
7 dpfcolo11rless Dania rerio larvae. 
Distance (}un) Velocity Frequency Interval (sec) (,um/sec) (count/min) 
Treatment ME.\.N SD SE ?vIE.c\N SD SE ?vIEA..N SD SE MEAN SD SE 
Control 323.4 38.4 16 6.9 2 0.8 1.2 0.2 0.1 52.3 8.3 3.4 
Colourless Mutant 409.1* 62.8 25.7 8.0 3.9 1.6 1.4 0.3 0.2 55.4 20.9 9.3 
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Fi~;t1n• 26. The intestinal bulb regi,on ga;;;trointe:;tinal motility was chm·acterized in colo11rless lmYae 
and compared to control hu·\'ae from the dimethyl ~ulfoxide(DMSO) experiment. The motility index 
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Heart Health 
Healthiness of the zebrafish was determined prior to digital imaging by heart 
rate analysis. Quantification of heart rate was measured in beats per minute (bpm) for 
all larvae analyzed. It is known that a healthy zebrafish heart rate at 24 hours post 
fertilization is 90-140bpm (MacRae et. al., 2003). The heart rate of all control larvae 
from the feeding study fell within 
the known healthy range between 
90-140bpm (Tables 35 and Figure 
28). 
The heart-rate of larvae 
from the feeding study was 
evaluated by genetic lineage and 
the fed treatment. No differences 
in heart-rate were observed across 
ABix and ABTuebingen genetic 
lineages. No differences in heart-
rate were observed across the fed 
or fasted treatments (Tables 35 and 
Figure 28). 
The heart rate of larvae 
exposed to Niflumic Acid and 
DIDS was quantified. The average 
heart rate m control larvae 
114±6.5bpm (N=9) fell within the 
Table 35. The mean heart rate was lltHllltified in 
beats per minute for the larvae. Heart rnle decreased 
in larvae exposed to Niflmuic Acid (P 0.01, 
P<__-0.0:i) am! Co/011rless lilrvae (P = IJ 02,P-:__:o. 05) 
compared to the control. 
Clurch 
Fasied ABTuebi.ngen 
Fed ABTuebi.ngen 
FastedABix 
Fed ABi" 
Clutch 
Con trn l 
1% Dr-'1SO 
O. lµM Cisapride 
lµ~I Cisapride 
lOftM Cisapride 
lOOµM Cisapride 
Clutch 
Control 
lOOf1M Ni±lumi.c Acid 
lOm.M DIDS 
Clutch 
Control 
1%DMSO 
2%D0,ISO 
Clutch 
Control 
Colourless Jfutant 
HR (bpm) SD 
114.0 13.0 
7.2 
SE 
6.5 
10.4 
2.5 
102.0 
105.0 
100.4 13.2 4.0 
HR (bpm) SD SE 
119.3 12.2 4.1 
108.9 11.7 4.4 
114.0 8.5 6.0 
108.0 0.0 0.0 
114.0 0.0 0.0 
115.5 15.8 7.9 
HR (bpm) SD SE 
106.0 24.6 8.2 
56.2* 51.2 14.8 
87.0 27.9 14.0 
HR (bpm) SD SE 
117.0 12.4 5.1 
114.0 15.6 6.4 
98.0 9.2 5.3 
HR (bpm) SD SE 
117.0 12.4 5.1 
93.0* 16.4 6.7 
normal range between 90-140bpm. The heart rate of larvae exposed to lOOµM 
Niflumic Acid was 56.2±14.8bpm, which was reduced compared to control (P = 0.01, 
P:S0.05). The heart rate of DIDS exposed larvae fell within the normal range, at 
87.0±14.0bpm (Tables 35 and Figure 28). 
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Larvae exposed to the prokinetic drug Cisapride and dimethyl sulfoxide 
(DMSO) were assessed for heart rate. No difference was observed across the larvae 
treated with 0.1-1 OOµM Cisapride or DMSO. In a separate clutch exposed to DMSO 
no difference in heart rate was observed (Tables 35 and Figure 28). 
In addition to wild-type larvae, a clutch of colourless mutants were assessed 
for heart rate. The average heart rate of the colourless mutants was 93±6.7bpm 
(Tables 35 and Figure 28). The heart rate observed from the mutant clutch fell within 
the normal range for heart rate, 90-140bpm, yet was different from the control group 
from the DMSO experiment (P = 0.02, P:S0.05). 
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Figure 28. t..fcan heart rate in beats per murnte was assessed in the laf\"ae. Heart rate 
decreased 111 larvae exposed to Niflumic .--'l.cid (P = 0 0 l, P:_O 05) and Co/011rless larvae 
(P = 0 0~. P:_(l05) compared to the control. 
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Staging Gastrointestinal Tract Development 
Development can be accurately assessed by a staging series to descriptively 
identify the traits and milestones at a specific time in development (Kimmel et. al., 
1995). Larvae were observed for proper development of the GI tract and body prior 
to gastrointestinal motility analysis. A staging series of zebrafish development was 
completed to illustrate the typical traits and milestones reached by 7dpf (Figure 29). 
Age was an independent variable quantified by days post fertilization ( dpt) to mark 
development. 
The organism is refened to as an embryo from 0-1 dpf because it is the time 
prior to hatching or being born (Parichy et. al., 2009) (Figure 29A-C). Embryos are 
comprised of many cells destined to be the whole animal. The blastula can be seen 
shortly after fertilization, in which the organism remains to one side of the yolk 
(Figure 29A). A blastula will transition into a gastrula marked by a germ ring (Figure 
29B). In germ ring the animal portion lines the outer circumference of the embryo 
and the yolk is located inside. 
The transition from embryo to larva requires distinct morphological changes 
to achieve a functional gastrointestinal tract. The. embryo rapidly develops inside a 
chorionic shell. Pigment cells were visible as early as 1 dpf, as well as the eyes, brain, 
and the developing heart (Figure 29C). Between 1-6dpf the yolk sac depletes and the 
gastrointestinal tract will become fully developed. 
Digestive system organ morphogenesis differs between zebrafish and 
amniotes. The zebrafish gastrointestinal tract forms from individual organ anlagen 
whereas the digestive anlagen of amniotes is derived from a primitive gut tube 
(Wallace and Pack, 2003). Anlagen connects, supports, and scaffolds on the ventral 
side of the organism to serve as an endodermal rod that will progress into a hollow 
tube at 42hpf that neurons travel to aid in gastrointestinal tract formation (Home-
Badovinic et. al., 2001; Ober et. al., 2003; Figure 29D). The pharynx, esophagus, 
and liver attach to the intestine at 2dpf, and at the same time neurotransmitters are 
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apparent in nerves (Wallace and Pack, 2003; Bisgrove et. al., 2007; Holmberg et. al., 
2003). 
Classically, the end of the embryonic development has been marked by a 
protruding mouth stage at 3dpf and its opening (Kimmel et. al., 1995). The transition 
from embryo to larva can be slow, occurring as a gradient with the behavioral onset 
of feeding between 5-6dpf and longer (Figure 29F). The gastrointestinal tracts of 
larvae analyzed were fully formed by 7dpf when these experiments took place 
because of the functionality of the intestinal triad to create smooth, rhythmic, and 
coordinate contractions (Figure 29G). 
Odpf 
A. 
Figm·e 29. (.).unlitative su1111rn11)1 of zebrnfish development from 0-7 duy s post-
frrtilization ( dpf). The genn ring (Pauel A) and shield (Panel B) are visible at Odp f. 
Eyes. brnin. m1d heart development t1re visible by 1 dpf (Pm1el C). The trnnsition from 
rmrnlgnm to gt1strointestinnl trnct is visible as the orgm1is111 trnnsitions from emb1y o to 
lnrvn (Pm1els D-G). 
Page 72 of 132 
Quantitative Assessment of Zebrafish Development 
Standard length was measured because it is the most accurate marker of 
development and was completed to compare larvae across labs (Parichy et. al., 2009). 
The standard length is the distance from the zebrafish snout to posterior tip of the 
notochord, and was measured from digital images of the intact larva visible under the 
application of brightfield illumination. The standard length was measured because of 
intrinsic environmental and genetic variability of embryos reared in standard media 
and temperatures, resulting in variations to growth and development rates. 
Figure 30. Trnits useful for measuring standard length and development in the anterior 
section ofa 7dpfzebrnfish larva. LL snout-vent: 12. intestinal bulb-vent: 13. mid and 
distal intestine. 
Figure 31. Tm its useful for measuring standard length and development in the posterior 
sedwu of ;i 7 dpfzebrnfish larva. Ll. po:-terior tip of the uotodwnl. 
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One aspect of this study that may have impacted development was the fed 
condition. It could be expected that larvae from the fasted condition would grow 
more slowly and that fed larvae could grow more rapidly due to nutrient availability 
from food. With further knowledge it was ultimately expected that feeding will have 
no effect on development because the yolk depletes by 5-6dpf and zebrafish can live 
until day 8 and longer without feeding. 
In these experiments both the standard length and length of the 
gastrointestinal tract were quantified in 7dpf zebrafish larvae. The standard length 
was estimated by the sum of snout-vent and vent-posterior tip of the notochord 
lengths (Figures 30-31 ). The length of the gastrointestinal tract and mid to distal 
intestine was measured (Figure 30). The two measures of the gastrointestinal tract 
and mid to distal intestine, the intestinal bulb length was estimated. 
The lengths of two genetic lineages of larvae were examined from the feeding 
study. No differences were observed for intestinal bulb, mid to distal intestine, or 
gastrointestinal tract lengths for fed zebrafish of the ABix lineage (Table 36, Figure 
32). No differences were observed for anterior, posterior, or standard lengths for fed 
zebrafish of the ABix lineage (N=8) compared to fasted (N=7) (Table 37, Figure 32). 
The intestinal bulb (P = 0.03, P:S0.05), gastrointestinal tract (P = 0.02, P:'.S0.05), and 
anterior (P = 0.05, P:S0.05) lengths increased in fed ABTuebingen larvae (N=5) 
compared to control (N=4). No differences were observed in mid to distal intestine, 
gastrointestinal tract, posterior, or standard lengths for the ABTuebingen genetic 
lineage (Tables 36-37, Figure 32). 
Table 36. The i11te~ti11al bulb, mid tu d i~tal iuttstiue, am! !l.a~tn:imtestirrnl trnrt leu\!th:; were qum1tified for the 
two geuetil: lineages, AB ix and A.BTt1ebrn!,(e1t, mwiyzed m tlie ft:t:diug ,:tudy I11te,:tmal uulb (P- 0 0.3, p,:o.05) 
and gastrointestinal trnct (P = 0.02, p<(J US J length, increased in feel AJ3Tuebingen lnrne 
Treatment 
CoatroL\Bix 
F~cl ABi, 
Control ./\.HTu ebingen 
Fed A.BTuebingen 
!ntestmal Bu lb (Jllll/ \h:l and Distal Ga~ trnin tesrin al T met 
1IE °:-1 SD SE '..\IEA:'J SD SE :,IE.A:'.\: SD SE 
618~.2 S6.3 32.6 "72 .. L 1 S1.3 30.7 1342.3 130. 7 ~9.4 
602.6 38.4 I3JJ il0.3 49.3 1'7.4 1312.9 34.5 12 .. 2 
5%.U 96.2 48.1 t:i79.8 40A 2U.2 l 175.8 69A 34.7 
654. pr 70.5 31.5 681. l 53.5 26.2 1335.3::: 61.5 17.5 
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Table 37. The nnterioL postenor_ ,mcll 2tandarcl lengths were quantified for the two genetic lineages_ ABix and 
ABTuebingen. mrnlyzed in the feeding study. The anterior lengtll mcreased in fed A.BTuebi11ge11 larYae (P = 
0 05.PS0.05) An L<'.'rior Length (µm) Pu~tenvrLeugtl.t (prn) Sltmdard Leugtl.t (µm) 
Tremmeu t MEAN SD SE l\lEAN SD 
CoutrulABi-,. 2131.4 139.4 52.7 1-171.2 81.9 
FedABix 213'7 3 GU 21.7 1-172.0 33.2 
Cun tro 1 ABTuebiugen 209:5.l 27.9 13.9 1492.5 64.3 
Fed ABTuebin~eu 2119.l* G9., 31.2 1468.4 G3.5 
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1<1gure 32. Length was quantified tor larvae from rhe two genetic linea~es analyzed in the feeding 
study. AB ix and ABTuebingen. Tine intestinal bulb. mid to distal intestine, and the overall 
gastrointestinal tract lengths were measured (Panel, 1-.3 ). Imrease, vvere found in the lengths of the 
i11k:::liual bulb (P = 0.0.3. PS0.05) m 1d the OVt'.! all ~astroillk~tmal lrnd (P = 0. 02. P::.:.0.05). The anterior. 
posterior. and standard lengths were measured (Panels 4-6). The anterior length increased in the fed 
ABTuebingen larvae (P = 0.05,P:':JJ.05). 
The lengths of larvae exposed to Cisapride and Dimethyl Sulfoxide (DMSO) 
were examined. When compared to the control group, no differences were observed 
for intestinal bulb, mid to distal intestine, or gastrointestinal tract lengths for larvae 
exposed to Cisapride and DMSO (Table 38 and Figure 33). No differences were 
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observed for anterior, posterior, or standard lengths for larvae exposed to Cisapride 
and DMSO (Table 39 and Figure 33). 
Table 38. The intestinal bulb.mid to distal intestine. and gastrointe,,:tinal tract lengths were quantified 
for lmv,1e expostxl lo Cisapride aml Dimethyl Sulfr,xide(Dl\ISO) 
Intestinal Bulb (wn) Mid and Distal In te, tine Gastrninte'.;tinal Tract 
Treatment ME.AN STDEV SE l\lE.\:N STDEV SE '.\IEA.N STDEV SE 
Control 618. l 9:U 31.1 729.1 46.2 15A 134 7.2 103.5 3-t5 
l 0 ·o DJ\ISO 643.8 -45.3 17. l 711.9 23.4 8.8 1355., 34.9 13.2 
O.lµJ\l Cisaprid<.! 6SS.O JS.4 25.0 693.6 0.4 ().3 1386.6 35.0 24.7 
l~tM Cisapride 661.4 59.1 41.8 706.5 13.4 9.5 1367.9 45.7 32.3 
1 O~tl\1 Cisapride 629.9 S6.J 61.l 792.9 110.1 77,8 1422.8 23.7 16.8 
lOOpi\l Cisapride 569.-l- ')'"" '; 13.8 685.9 5~_5 28.7 1255 3 59.9 30.0 
Table 39. The rmterioc posterior. rnnd ;;:tandm d lengths were quantified for lmvae exposed to Cisopride 
mid Di111dhy I Sulfoxide(Dl\ISO). 
AuteriorLeng;h (pm) Posterior Length (µm) S1ill!dard Length (µm) 
Treatment MEAN STDEV SE .\IE<\N STDEV SE MEA.;'J SIDEV SE 
-----~-------------
Control .2123.S 83.5 27.S H04.0 ff?_O 159.0 3527.8 4 ~{5. 4 1618 
1%DMSO 2125.4 44.4 16.S 1459.8 202.1 76.4 35S5.2 221.0 83.5 
O.l~tM Cisapride 2097.7 :29.5 20.9 1467.9 69.1 48.8 3565.6 98.6 69.7 
lµM Cisapride 2126.9 !6.0 IU 1528.4 27.1 19.2 3655.3 11.l 7.9 
JOr1M Cisapride 2150.4 1.-i LO 1524.6 89.3 63.l 3674_9 90.7 64.l 
lOO~tM Cisapridc 2048.5 ,48.6 24.3 1604.6 88.3 44.2 3653.2 4'7.(l 23.5 
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Figure 33. Length was quantified for larvae exposed to Cisapride and Dimethyl Sulfoxide(Dl\,lSO). 
The intestinal bulb. mid to distal intestine, and the overall gastrointestinal tract lengths were 
measured (Panels 1- 3 ). The anteri oc posterior, and standard lengths were measured (Panels 4-6). 
The lengths of larvae exposed to lOOµM Niflurnic Acid and lOrnM 4-4'-
diisothiocyano-2,2'-stillbene-disulfonic acid (DIDS) were examined. No differences 
were observed for intestinal bulb or gastrointestinal tract lengths for larvae exposed to 
Niflurnic Acid and DIDS (Table 40 and Figure 34). Mid to distal intestine lengths 
increased for larvae exposed to Niflurnic Acid (P = 0.04, P:S0.05) (N=12) and DIDS 
(P = 0.004, P:S0.05) (N=4). No differences were observed for anterior, posterior, or 
standard lengths for larvae exposed to DIDS or Niflurnic Acid (Table 41 and Figure 
34). 
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Table -tO. The intestinal bulb. mid to distal intestme. and gastrointe;;tiirnl tract lengths Yvere 
quantified for larvae exposed to Ki11umic Acid and DIDS. l'viicl to distal intestine length was 
reduced in the dutd1 exposed to Niilumic Acid (P 0. 0-L P~O. 05 ). The mid and di::tal intestine 
length increased in larvae exposed to DIDS (P = 0.004.PS0.05). 
In tes tin al Bu fD ( pm) \lid and Distal <3astroin1estinal Tract 
Treatment ME,\N SD SE :vlEAN SD SE r,lEl\N SD SE 
Control 6-113 36.3 10.9 800.2 28.9 8.7 1141.5 .42.g 12.9 
l00~1M Niflumic Acid 669.1 68.5 19.8 743.P 81.4 23.5 l41L2 66.3 19. l 
101ruvl DIDS 618.2 60.9 30.4 S62.0'' 34.6 17.3 1480.2 S6.2 J.3. 1 
Table -tl. The anterior. posterior. and standard length:nvere quantified for larnte exposed to 
Niflumic Acid am! DIDS. 
Ant,·ri,ff Length (µmJ Posterior Lengt!J (µrn) Standard Length (j.Il!l) 
Treatment i'vlEAN SD Sf: MEAN SD SE \1EA'.~ SD SE 
Control 2237.1 51.6 15.6 1358.8 3.:\9.,1 FJ1.3 3595 9 i.2L5 96.9 
IOOp!'vI Niflumic Acid 2215.7 80.5 23.2 1553.3 73.7 21.3 3769.0 133::: 3S.5 
lOm!\1 DIDS 2234.l S8.'7 29.4 1510.0 39.5 i9., 3,+U S7 7 43.9 
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Figure 34. Length was quantified for larvae exposed to Niflumic .\cid and DIDS. The intestinal bulb. 
mid to distal intestine. and the overall gastrointestinal trnct lengths were measured (Panels 1-3). 1Iid 
to distal intestine length was reduc eel in the clutch exposed to Niflumic Acid (P = 0.04, P::C:0.05). The 
mid and distal intestine length increased in larvae exposed to DIDS (P = 0.004.P::C:0.05). The anterior, 
posterior, and stnndard lengths wewe measured (Panels 4-6). 
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The lengths of larvae exposed to 1 % and 2% Dimethyl Sulfoxide (DMSO) 
were examined. No differences were observed for intestinal bulb, mid to distal 
intestine, or gastrointestinal tract lengths for larvae exposed to 1 % and 2% DMSO 
(Table 42 and Figure 35). No differences were observed for the anterior or standard 
lengths for 1 % DMSO exposed larvae. Posterior length increased for larvae exposed 
to 1 % DMSO (P = 0.04, P:S0.05). No differences were observed for anterior, 
posterior, or standard lengths for larvae exposed to 2% DMSO (Table 43 and Figure 
35). 
Table-12. The intestinal bulb.mid to distal intestine, mid gastrointestinal trnct lengths 
were quantified for larvae exposed to 1 % and :!'?o Dimethyl Sulfoxide(DMSO). 
[utcstina!Bulb (µm) l\'1id and Distal Gas tro in tes tin al Tract 
Intestine (µm) Length (µm) 
Treatment i\IE'-\N SD SE l\IEAN SD SE l\1EA:N SD SE 
Control 590.6 86.5 35.3 672.7 109.1 -t4.6 1263 .3 l::i:l .:l 63.0 
lq·oDMSO 578.5 82.1 33.5 725.8 44.4 18.1 1304.3 111.6 45.6 
2°om,ISO 524.4 50.6 29.2 652.0 33.0 19.1 1176.4 45.9 26.5 
Table-B. The anterior, posterior, and standard lengths were quantified for larvae 
exposed to 1 °o m1cl 2° o Dimethyl S11lfoxide(D1\TSO). Posterior length of l '% Dl\'1SO 
exposed lar;;ae increased (P = 0.0-L PS0.05). 
Anterior Length (11111) Po:steriorLength (pm) Standard Length (pm) 
Treatment 1IEAN SD SE ?vfEt...N SD SE MEt...N SD SE 
Control 20093 160.5 65.5 l-i76.4 ,16..i 20.8 .H41.3 110.8 ,)96 
l~oDMSO 2082.2 161.5 65.9 1565. 7* 68.1 27.8 3647.9 220.2 89.9 
2%Drv1SO 1917.8 35.3 20.4 1497.1 71.6 41A 3414.9 82.4 47.6 
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Figure 35. Length ,vas quantified for larvae exposed to 1 °o and 2~oDimethyl Sulfoxide (DrdSO). 
The intestinal bulb, mid to distal intestine, and the overall gastrointestinal tract lengths were measured 
(Panels 1-3 ). The anterior. posterior. and standard lengths were measured (Panels --1-6). Posterior 
length of 1 f!·o DMSO exposed lm-v,c1e increased (P = O.O--l,P:::0.05). 
The lengths of colourless larvae were examined and compared to the wild-
type control treatment from the DMSO experiment. The intestinal bulb, mid to distal 
intestine, or gastrointestinal tract lengths were measured (Table 44, Figure 36). The 
intestinal bulb length decreased in colourless larvae (P = 0.001, P:S0.05). The mid to 
distal intestine increased in colourless larvae (P = 0.001, P:S0.05). No difference in 
the anterior, posterior, and standard length was observed (Table 45, Figure 36). 
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Table-U. The intestinal bulb.mid to di:o:tal inte~tiue. and gm:troiutestinal trnct length;; were qum1tifi.ecl 
for colourless larvae. I\1 id and Distal Intestine Gastrointestinal Tract 
Intestinal Bulb (pm) 
T rea tmen t 
Control 
Colourle.ss Mutant 
ME.AN 
590.6 
373.3* 
STDEV 
86.5004 
79.3 
SE 
.35.3 
.30.0 
.ME6>.N 
672.7 
919.6* 
(Jim) Length (pm) 
STDEV SE ll.lE.c'\.N STDEV SE 
109.15 44.558 1263.3 154.4 63.0 
7.3.6 27.8 1292.S 52.4 19.8 
Table 45. The anterior. posterior. and standard lengths were quantified for colottr!ess larvae. 
AntcriorLen1<th (µm) Posterior Length (µm) Standard Len)!th (~un) 
Tr,~atment 1vIE1\N STDEY SE MEAN STDEV SE ME.c'\.N STDEV SE 
C\mt1ul 
Colourless Mutant 
2009.3 
2111.0 
!(,(J.5 
5-U 
65.5 
20.4 
1476A t6.4 
1416.5 56.7 
208 34413 
2IA 3527.5 
J!0.8 49.6 
9(~5 34.2 
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Figure 36. Length ,vr1s qum1tified for colourless lmvac, The intestinal bulb.mid to distal intestine, and the 
overall gastrointesti1rnl tract lengths were measured (Panels 1-f). The intestinal bulb length decreased in IP= 
0.00 l. P<-0.05) and mid to di,tal iutestirn: irn:reased iu colourless hirv,1e (P ~ 0. 001. P<0.05). The anterior. 
po.,terior. and stm1dr1rd lengths were mer1sured (Panels -1-6). 
Circadian Rhythm 
Circadian rhythm is the modulation of physiological processes m living 
organisms by periods of 24 hour cycles (Kaeffer and Pardini, 2005). Circadian 
rhythm was evaluated by the time of day individual larvae were imaged. Time after 
feeding was evaluated in all fed ABix and ABTuebingen larvae analyzed in the 
feeding studies. The effects of circadian rhythm were evaluated to better understand 
the influence of time of day and time post feeding on GI motility. 
The intestinal bulb and mid to distal intestine region GI motility was analyzed 
by the time of day. No differences were observed in the contraction number, 
distance, frequency, or interval between contractions in the intestinal bulb region 
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(Table 46-47, Figure 37). Velocity increased in the intestinal bulb region for larvae 
imaged at 12:00:00-12:59:59 PM (P = 0.02, P:S0.05) compared to larvae imaged 
duringll:00:00-11:59:59 AM. No differences were observed in the contraction 
number, velocity, frequency, or interval between contractions in the mid to distal 
intestine region (Table 48-49, Figure 38). Distance increased in the mid to distal 
intestine region in larvae imaged at 1:00:00-1:59:59 PM (P = 0.02, P:S0.01), 2:00:00-
2:59:59 PM (P = 0.02, P:S0.02), 3:00:00-3:59:59 PM (P = 0.02, P:S0.01), 4:00:00-
4:59:59 PM (P = 0.02, P:S0.0003), 5:00:00-5:59:59 PM (P = 0.02, P:S0.01), 6:00:00-
6:59:59 PM (P = 0.02, P:S0.05), compared to larvae imaged during 11 :00:00-11 :59:59 
AM. 
T11bh• .t6. Ua,troiukstinal motility \Va~ observed in the mte~tinal bulb re~ion of 7dpfD011io r€rio larvae 
by !ht.: limt: uf day. 
Number of Contraction Number 
Contraction Characterization 
Individuals (#) 
Time Imaged Coordinated Uncoordinated Count (N) MEAN SD SE 
11 :00:00 - 11:59:59 AM 2 3 5 8.8 10.8 4.8 
12:00:00 - 12:59:59 PM 5 6 15.3 9.4 3.8 
1 :00:00 - 1 :59:59 PM 1 4 5 8.8 8.1 3.6 
2:00:00 -2:59:59 ~f 3 0 3 15.7 6.0 3.5 
3:00:00 - 3:59:59 PM 4 5 9 11.2 6.5 2 ·, ... 
4:00:00 - 4:59:59 PM 2 4 6 10.2 4.4 1.8 
5:00:00 - 5:59:59 PM 2 5 7 11.4 5.5 2.1 
6:00:00 - 6:59:59 PM 1 4 5 10.4 4.4 2.0 
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Table -Ii. Quantification of ga~troink:.;tinal motility iu the intc~tim1l bulb rc2:iull of i dpf Dwriu rerio larva.: by 
thdime ufday. Vdocily incrc:a~ed iu larvm: imagtd at 12.00:00-12 S9:59 P:'vl (P = 0.02. P::'.:0.05) compared tll 
hirvae imaged duringll :00:00-11:59: 59 AM. 
Dis tan cc (µmJ \"docity (>m:1/·;cc) Frequency Inte1"'.a! (sec) (c;:ouut/win) 
Time Imaged MEA.N SD SE ~vfE/\_N SD SE hJEt,,.N SD SE ME:.:\' SD SE 
11 :00:00 - 1I:59:59AM 103.2 23.5 11.8 6.l u 0.7 1.7 13 0.6 71.5 52.4 26.2 
J.?:00:00 - 12:59:59 Pl\-l l29.l 40.8 18.2 S.F 0.6 0.3 2.5 0.8 0.4 34.0 1.:U 6.0 
l :00:00 - 1 :59:59 PM 139.6 24.0 12.0 6.6 1.3 0.6 1.9 07 0.4 .J!.,.6 21.9 10.9 
2:00:00 - 2:59:59 PM 100.2 19.4 11.2 4.7 0.1 0.2 2.0 0.6 ().1 35.::! 11.J 6.5 
3 :00:00 - 3 :59:59 P:\I l l l .5 JU 11.2 51 09 (J 3 2.2. l) 0 .. 1 ·15.7 29.6 9.9 
4:00:00 - 4:59:59 PM L:2.6 62.6 25.6 SA 1.3 0.5 2.S 1.7 0.7 44.1 27.2 11.l 
5:00:00 - 5:59:59 P.\1 106.9 25.2 9.5 6JJ 2.1 0.8 2.2 1.6 0.6 -1-4.6 16.S 6.4 
6:G0:00 - 6:59:59 PM 97.6 23.8 10.6 4.9 1.3 0.6 :;,2 0.9 0.4 19.9 22.i 10.2 
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Fi!l.ure J".'. The intestinal bulb region .:ast1·ointestmalmotility was d1aracten:.ed in '.'dpf Da11io l't'rio L1rvae by the time of day. 
The motility index was detennined for dmg exposed lan·ae (Panel 1). The immber of contractions (Panel 2), contractwn 
frequency, interval. dbtance. and velocity were compnred (Pm1els 3-6). \'elocity mcn:ased i11 lan-ae ima~ed at 12 00:00-
12:59:59PM (P = 0 O:!, P:':.0.05) compared to lan-ae imaged duringll :00:00-11 :5959_.l,.l\[ 
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Table 48. Gastrointestinal motility was observed in the mid and distal intestine regions of 7dpf Dania 
rerio h1rvne by the time of day. 
Number of Con traction Contraction C1iaracterization 
Individuals Number(#) 
Time Imaged Cc,ordinated Uncoordinated Count (N) MEAN SD SE 
11 :00:Ci) - 11 :59:59 AM 3 2 5 6.2 4.2 1.9 
12:00:00 - 12:59:59 PM 4 2 6 6.3 4.8 1.9 
1:00:00 - 1:59:59 P~I 3 2 5 5.8 5.3 2.4 
2:00:00 - 2:59:59 Pl\1 3 0 3 9.3 0.6 0.3 
3:00:00 - 3:59:59 PrvI '7 2 9 8.6 3.0 1.0 
4:00:00 - 4:59:59 P:tvi 5 1 6 7.3 1.6 0.7 
5:00:00 - 5:59:59 PM 6 7 S.J 2.1 0.8 
6:Ci):00 - 6:59:59 Pr-1 4 1 5 8.6 2.5 1.1 
Tabh• 49. Qua11tificatio11 of gastrniullt:::<tmal 1110til1ty HI tl!t: and and di,tal mtt!stinc: rq1om of 7 dpf Dmtio 
rerio larvae by the time of day. Distance mcreased in larvae inrnged at J ·(J() ()(j-1 :59 59 Pr.l (.P=0.02. 
P::.0.01), 2:00:00-2:59:59Pl\I (P = 0. 02. P:::0.02). 3.00:00-3 S9:S9Pl\i (P = 0.02. P::::0.01 ).,I :00:00--L-9:59 
P.IVI (P = 0 02. P<__:_0.0003 ), 5 :00:00-5 :5<J:59 PJ\1 (P = () 02. P:::O 01 ). 6 00 00-6: 59:59Pl\1 (P = 0 02. P':::.0.05). 
compared to lrirvc1e imaged during 11 :00 00-11 59:"9AM. 
DistJ,nce ( pm) Velocity (µmi'i<"C) 
Freguency 
Interval (sec) 
fcount.mi.."1) 
Time Imaged ME-\'\/ SD SE MFA:'.'i SD SE \IF.AN SD SE \JEAN SD SF 
11 :00:00 - 11:59:59 AM 261.5 3-U 17.2 5.8 0.7 iU l.l O.J 0.2 61.l 25.6 12.S 
12:00:00 - 12:59:59 PM 328.9 99.8 44.6 8.1 2.5 Ll 1.2 0.3 0.1 :,9.5 12.3 5.5 
1:00:00 - 1:59:59 P"1\.l 396.9* 50.l 28.9 6.0 l.4 0.8 1.1 0.0 0.0 55.5 2.1 1.2 
2:00:00 - 2:59:59 PM 339.0* 27.7 10.0 5,8 1.6 0.9 u 0.2 0.1 55.7 -, ' l.J 
3:00:00 - 3:59:S9 Pl'vl 364.5* 57.8 19.3 6 '7 2.4 o_s LO 03 0.1 "0.4 36.2 12.l 
4:00:00 - 4:59:59 PM 363.l:V' 20.4 8.3 /j 7 1.0 0.8 O.Y 0 ' 0.1 73.0 14.0 5.7 
5:00:00 - 5:59:59 PI\1 3'76.5* 63.fJ ,~, r -J.0 'i s: IA fJ.5 ].-+ fJ.6 0.2 <;'' 
- -+.O 11.6 4.4 
6:00:00 - 6:59:59 PI\-I 349.P 65.6 29.3 6.3 2.1 0.9 1.6 LO 0.5 G0.7 16.6 7.4 
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Fiimre38. The mid all(I tli,tal inte:;tinere,~ion ga,troi11ti;;;;li11,1lmotd1tyw,1~ dwuu;t,:rized in "dpfDa11iorerto i.l!'Yile l,y the 
time of day. Tl1c: motility ind1:.'i: was ddc:rn1i11.:d fur drn~ <:xposctl lmv,10:: (Pm,d 1 i The rnuuh.:1 of <:onh ad1om (Pam:! 2). 
contr;ictio11freque11cy. interv.iL distance, illld velocity were compan,d (Panel;; 3·6) Di,tance iucrea;;ed m l,11Tae imaged at 
1 ;00:00-l:59:'.\9Pl\f(P= 0.02, P:::.0.01 ). ::! 00:00·2 59::SSIP?\f (P = 0 0:!. P:::.O 02). 3 00:00-3 .59 59 PJ\[(P = 0 02. P:::.0.01), 
-1.00:00-.J. :'-9:59Pl\I(P= 0.0:!. P:::.0.000.i}. '.' 00 00-5 ~.9 ~9 Pl\! (P = 0 02. PC:0 01). 6.00 00-6 59 ~9 Pl\[ (P = O.O!.P:::.0.05), 
compared to larvae imaged during 11 :00:00-11 59 59 . .\l\I. 
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Time Post-Feeding 
The intestinal bulb and mid to distal intestine region GI motility was analyzed 
by the time after feeding. The intestinal bulb region was characterized by a reduced 
number of contractions in larvae imaged at 1 :31-3 :OOhrs post feeding (P = 0.04, 
P:S0.01) compared to larvae imaged during 00:00-1:30hrs post feeding (Table 50 and 
Figure 39). In addition, the intestinal bulb region also experienced decreased 
frequency at 1:31-3:00hrs post feeding (P = 0.03, P:S0.01) and interval between 
contractions increased (P = 0.02, P:S0.01) compared to larvae imaged during 00:00-
1 :30hrs post feeding (Table 51 and Figure 39). In the mid to distal intestine the 
frequency decreased 3:01-4:30hrs post feeding (P = 0.01, P:S0.01) and interval 
between contractions increased (P = 0.02, P:S0.01) compared to larvae imaged during 
00:00-1 :30 HRS post feeding (Table 53 and Figure 40). 
Table 50. Ga~troiulcstinal motility was ubscrved iu the iute~tinal bulb resti on of 7 dpf Da11io rerio larvae 
l.Jy the time post feeding. The mn11ber of rnntractiom was r cduu:d in larnie 1111a!a!ed at 1 :31-3 :00 HRS 
post feeding (P = 0.04, PS0.01) comp med to lmvae ima!2ed during 00:00-1.301 :IRS po:;tfeedmg. 
Time After 
Feeding (Hours) 
0:00 - 1:30 
1:31 -3:00 
J.01 -,UO 
4.31- 6.00 
Numb er of Con tract ion Numb er 
Contraction Characterization 
Individuals (#) 
Coord~tiated Uncoordinaled Count (N) :'.\lEA.N SD SE 
3 4 15.5 4.5 .., , _..:, 
0 ., 3 6. 7" 3.2 l.9 
2 3 ') 9.8 5.4 :H 
1 3 4 11.3 2.5 L3 
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Table 51. l.2mmtifirntion of gastroin tesrinal motilrty in the intestinal bulb region of 7 dpf Dania rerio larv.ie 
by the time of post feeding. At 1:31·-3 :OOHRS post feeding frequency decreased (P = 0.03. P::C:O 01) and 
interval behveen contractions increased (P = 002. PS:::0. 01) compared to larvae imaged during 00:00-1 :30 
HRS post feeding. 
Di,tance (p.m) Velocity (pmist>c) 
Time Arter Feeding 
(Huur:s) r-.-IFAN SD SE 1',fE!\:'.\' SD SE 
0:00 - 1:30 143.6 40.3 20.l 5.4 1.0 (}5 
1:31 - 3:00 94.1 2-L9 14.4 4.6 0.2 (l.l 
3.01 - 4.30 113.8 6.7 3.0 5.5 1.6 0.7 
-1.31-6.00 101.1 17.6 8.8 5.0 0.5 (J.3 
Frt>qus"ncy 
f cou n timin) 
:'vfEAN SD 
-, -, 
L..L. 0.4 
1.0* 0.5 
i.5 0.8 
1.3 0.5 
SE 
0.2 
0.3 
OA 
0.2 
Interval(sec) 
ME4.N SD SE 
32.5 7.4 3.7 
802* 25.8 14.9 
69.6 37.8 16.9 
44.0 9.6 -1.8 
Table 52. Gm,trointestiual motility was observed in the mid and distal intestine regions of 7 llpf Dania 
rerio larvae by the time post feedi11g. 
Contraction C1iaracterization 
Number of Contraction Number 
Individuals (#) 
Time After Feeding Coordinated Uncoordinated Count (N) ME!\N SD SE 
\Hours) 
0:00-1:30 4 0 4 9.0 u 0.7 
1:31 - 3:00 3 0 3 8.0 0.6 0.3 
3.0 l - 4.30 4 5 5.4 3.1 1.4 
4.3 l - 6.00 3 4 7.S 1.9 0.9 
Tall le 53. Qua11tifiu1tion of ga~tromllcsli1rnl motility ia lht! mid ;n1d di,l,tl mlc~liae 1 cg10m of 7 dpf Dm1iu 
rerio lnrv.ie by the time of day At 3 Ol-4:30HR.S post feeding frequency decrea;;ed (P = 0 01. P-::0.01) and 
interval between contrnctioua i11crem;cd (P = 0.02. P:::0.01) comp ,ired to larvae unagcd during 00: 00-1: 3 0 
HKS post feeding. Distance (pm) Vd0city (pnv~ec) frequency lutrn•d(sc.:) ( cou n hnin) 
Time Aft<:'r 
Feeding (Hours) MEAN SD SE '.\IE~:\ SD SE 1'.!E.\N SD SE MEAN SD SE 
0:00 - 1:30 29S.6 98.6 49.3 6.1 2.8 l.4 1.2 0.2 0.1 54.8 5.4 . ...., ; ,:..,/ 
1:31 - 3:00 316.9 82.J 47.5 5.9 0.8 0.5 1.0 0.1 0.0 65.3 5.5 3.2 
3.01 - 4.30 350.7 3(H !5.2 5.1 0.9 0.'1 O.S* 0.2 0.1 82.6* 15.9 8.0 
4.31 - 6.00 359.8 53_5; 26.7 4.-1 0.6 0.3 l.5 0.7 0.-1 61.9 17.8 8.9 
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F1gnl'E' 39. The intestinnl bulb region gastrointestinal motility was dwrnccerized i11 -:"dpf Da11io rerio larvae by the time atrer 
feeding. The motility index was dctennin ed for drng exp,>sed lruTae (Panel l ). The number of contractions (Panel 2). 
conlrnction frequency. interv,iL d1sta11ce. mid nlotity were compan:d (P.n1ds 3-6). At 1 :31-3:00HRS post fredin1t the number 
of contrnctions decreased (P = 0.0-1.P<aO.Ci I). the frequency decrea~ed (P = 0.03. F".:C:0 01). and the interval betll"een 
contractions increased (P = 0.02. P::..0.01) compared to larvae imaged durinr,: 00:00-1 :30HRS post feed ins:. 
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Figure-10. The mid and distal inte;;tineregion !l.il,trointe;;turnlmotilitywas characterized in ~dpfDm1iorerio larrne by the 
time ail er feetling. The motility indexwa,; detennined for drn11 expo;:ed lmv~e (Panel I/. The Humbtr of cunh actions (Pnnd 
'.!). rnntrnction frequency, iuterv.iL dist.ince. and ,·elocity were compared (Panels 3-6). ,.\.t 3:0l--l:30HRS post feeding 
frequency decreasd (P = O.OL P::::0.01) and iukrvnl bt:tweeu c<.11ttrncti<.1ns increa:;ed (P = 0.0:!.P::..0.01) compared lo larvae 
imaged dming00:00-1 :30 HRS post feedi111!?.. 
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DISCUSSION 
Feeding Study 
The objective of these studies was to examine the effects of feeding on 
gastrointestinal motility in 7dpf Dania rerio larvae, the time when ICC and enteric 
neurons are developed and regulate gastrointestinal motor patterns. Gastrointestinal 
(GI) motility refers to the patterns of muscle contractions that support the mixing and 
propulsion of luminal contents. GI motility in zebrafish changed during the fed state 
and the observations were similar to changes that occur in humans during the 
postprandial state. GI motility was quantified in the anterior region, or the intestinal 
bulb, for the first time. Zebrafish appear to be similar to mammals with respect to GI 
motility in the fed and fasted states. 
The first aim of this study was to determine zebrafish GI motility during the 
postprandial state. It was anticipated that the functions and phases of GI motility 
would synchronize during the postprandial state to optimize nutrient absorption and 
waste elimination. After feeding GI motility in the intestinal bulb region become 
more active and contraction length increased but in the mid to distal intestine 
contraction velocity decreased. GI motility in the intestinal bulb was expected to 
provide a mixing and grinding function, similar to the mammalian stomach. Motor 
activity in this region was therefore expected to be highly sensitive to food intake, 
and our results were consistent with this interpretation. 
The number of contractions and contraction distance increased after feeding in 
the intestinal bulb region, indicating a change in the type of contraction. General 
categories of GI contractions include segmental and peristaltic. Segmental 
contractions refer to random contractions that occlude the intestinal lumen and 
generally function to mix and grind intestinal contents. Peristaltic contractions 
function to propel intestinal contents by the coordination of circular and longitudinal 
smooth muscles. The morphology of the intestinal bulb resembles a reservoir or sac, 
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which facilitates the formation of a slurry, called chyme created by peristaltic 
contractions. 
We measured increased motility in the intestinal bulb region that is peristaltic-
like because contractions propagated the length of the intestinal bulb. The 
contractions likely functioned to mix and grind intestinal contents before transmission 
of chyme to the mid intestine for nutrient absorption. Although our methods do not 
quantify contraction strength, the intensity of contractions appeared to increase with 
feeding, consistent with a grinding purpose in this region. 
GI motility is present in fasted zebrafish even though there is no requirement 
for nutrient absorption before the onset of feeding (Holmgren et. al., 2003). A 
previous characterization of this type of GI motility was described as necessary to 
eliminate waste produced by resident bacteria located within the GI tract and also 
cellular waste resulting from turnover of intestinal epithelia (Karila and Holmgren, 
1995). An absence of GI motility in the fasted state could result in sepsis or systemic 
infection, derived from movement of bacteria from the intestinal lumen into the body. 
GI motility is therefore necessary for life in both the fed or fasted states and motility 
patterns change as intestinal contents change. 
One phase of contractions in fasted mammals is the migrating motor complex 
(MMC). The MMC is a powerful ring of contractions that propagates aborally in the 
longitudinal direction and functions to clear the intestine thereby protecting against 
bacterial overgrowth. Regular MMC-type contractions occur every 10 minutes 
during the fasted state (Husebye, 1999). Propagating contractions are probably not 
MMCs in the zebrafish because contractions in the intestinal bulb do not appear to be 
'sweeping' contractions. Additionally, MMCs would be expected to propagate from 
the intestinal bulb through the mid and distal regions. MMCs typically occur in the 
large intestine in humans, which is most comparable to the distal intestine in 
zebrafish. 
MMCs are regulated by the enteric nervous system and experiments 
performed on colourless mutants revealed the presence of propagating contractions. 
Page 94 of 132 
Therefore the propagating contractions do not reqmre enteric neurons and the 
observed motility patterns are not MMCs as described in mammals. The possibility 
remains the contractions in the fasted state in zebrafish function to prevent bacterial 
overgrowth but the underlying control mechanisms differ from mammals. 
In the most commonly studied region of the GI tract, the mid to distal 
intestine, alterations in GI motility were limited, and decreased velocity in fed 7dpf 
ABix larvae was observed. The hypothesis that GI motility increases after feeding 
was disproved in the mid and distal intestine after more was learned about the 
function of the distal region of the GI tract. The reduced velocity during the fed state 
was sensible when the mid to distal intestine of the zebrafish was compared to the 
human small intestine, which functions to optimize nutrient absorption. The reduced 
rate of contraction functioned to propel luminal contents across the absorptive 
epithelia of the gut to maximize the surface area and time nutrient absorption can 
occur. These data suggest that peristaltic contractions created a net aboral directed 
movement of the luminal contents by ring-like contraction of circular smooth muscle 
cells slower in velocity than control larvae (N=8) for the purpose of nutrient 
absorption. 
The gastric and intestinal phases of GI motility collaborated regions of the GI 
tract to function coherently in ABix larvae during the postprandial state. In mammals 
it is known that the gastric phase of digestion enhances secretions needed for 
digestion and forms mixing contractions in the stomach. The ABix genetic lineage 
appeared to have undergone a gastric phase, based on the increased number and 
distance of contractions. In humans the main molecule responsible for the gastric 
phase is the peptide gastrin. Gastrin is known to enhance the secretion of gastric acid 
(HCl) by parietal cells of the mammalian stomach. Gastric acid increases chemically 
digestion of luminal contents by protein denaturation to amino acids. The anterior GI 
tract of the zebrafish does not secrete gastric acid but does secrete gastric enzymes 
(Holmgren et. al., 2003). It is likely that the gastric enzymes secreted by the 
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zebrafish larvae contributed to enhanced GI motility in the intestinal bulb region in 
the postprandial state. 
Sequentially, propulsion of luminal contents observed in the mid to distal 
intestine resembled the intestinal phase of humans. The reduced velocity observed in 
the zebrafish was consistent with the slowed rate of GI motility in humans. Aboral 
movement must be slow for optimal digestion and nutrient absorption to be 
completed. It was clear that zebrafish and mammalian phases of GI motility were 
highly similar. 
A potential wealmess to ABTuebingen larvae examined was that all control 
larvae lacked coordinated contractions in the mid to distal intestine region. The 
change was apparent in ABTuebingen larvae by the motility index, which quantified 
contraction coordination. The result was unexpected because coordinated smooth, 
rhythmic, and propagating contractions in the intestinal bulb and mid to distal 
intestine are typical of control larvae. 
A comparison of two genetic lineages of zebrafish larvae, ABix and 
ABTuebingen, revealed that the intestinal bulb and mid to distal intestine regions 
were not the same. In the intestinal bulb region GI motility was modulated iri ABix 
larvae but not in ABTuebingen larvae. In the mid to distal intestine no differences 
were observed in the number of contractions, distance, velocity, frequency, and 
interval between contractions for larvae from the ABTuebingen genetic lineage. 
Although these larvae had eaten, GI motility was not altered. The lack of coordinated 
contractions in the mid to distal intestine of individuals from the control treatment is 
unusual, and indicates unexpected variability among the control treatment. 
The hypothesis that different strains of zebrafish have comparable motility 
patterns and respond similarly to feeding was not confirmed. More information is 
needed to assess the ABTuebingen genetic lineage, principally the control treatment, 
to compare the ABix and ABTuebingen genetic lineages. Assessing the two genetic 
lineages at the same time of day with a greater number of ABTuebingen larvae is 
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needed to confirm that the two strains were different, which these experiments 
suggest. 
Human Gastrointestinal Motility 
Gastrointestinal (GI) motility is the pattern of smooth muscle contractions 
supporting the mixing and propulsion of luminal contents. In humans GI motor 
activity is often measured with GI transit assays. Common GI transit assays include 
gastric emptying tests, small bowel transit tests, and colonic transit (Loening-Baucke 
et. al., 2005). 
The purpose of measuring GI transit is to diagnose clinical motility disorders 
by identifying dyspeptic symptoms, diarrhea, and constipation. Many people suffer 
from a wide range of GI disorders with uncharacterized mechanisms. GI disorders 
can be as slight as mild pain or discomfort, resulting from colliding contractions. 
These can also be highly deleterious chronic disorders, like Irritable Bowel Syndrome 
(IBS), Hirschprung's disease, and Crohn's disease. A better understanding of GI 
motor activity will lead to finding the best treatments and drug targets for these 
disorders. 
Human GI transit assays have underscored that symptoms located in one area 
of the GI tract can overlap symptoms in a second area. The direct measurements 
from one location to another along the GI tract made possible by transit assays have 
been paramount in diagnostic evaluations. Analyses from the intestinal bulb to the 
mid and distal intestine regions completed during these GI motility experiments 
compare regions just as transit assays. Additional information about contraction 
distance, velocity, interval, and frequency can also be learned from GI motility 
experiments. 
In healthy human populations, intrinsic variability in GI transit is typical 
(Degen and Phillips 1996). Intra-individual differences occur in GI transit for males 
and females on standard diets and exercise regimes, this is because of sexual 
differences. Measurements of gastric emptying and colonic transfer rates are 
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significantly faster in men compared to women (Degen and Phillips 1996). Menstrual 
hormones effect female GI transit, as progesterone inhibits and oestradiol excites 
contractile activity of GI muscle function (Degen and Phillips 1996). The 
considerable variability in GI transit of men is comparable to the variability observed 
in women. It was concluded that variability in GI transit is normal in healthy human 
populations. 
Comparison of Gastrointestinal Transit in Zebrafish and Humans 
Variability in time length of digestion is normal in healthy human populations, 
this vaiiability translates similarly with zebrafish. Populations of the AB genetic 
lineage completed transit 6hrs after feeding. It was also observed that GI transit may 
persist an additional 18hrs because the GI tract is empty 24hrs after feeding (Fields 
et.al., 2009). The differences in GI transit rates relate to differences in GI motility 
rates, emphasizing the variability across individuals and that maturation of the 
cellular triad responsible for GI motor activity occurs at different times among 7dpf 
zebrafish larvae. 
A comparison of transit reveals that the complex digestive system of humans 
is less accessible compared to zebrafish, which are transparent at 7dpf allowing for in 
vivo analysis of the GI tract. In humans GI transit assays are often accompanied by 
meals with radiolabels, rather than the fluorescent markers applied to zebrafish, to 
assess the location of luminal contents over time. Meals for human patients are 
designed to target areas of GI weakness and be acceptable to all patients tested. The 
food applied in clinical trials with humans is typically a small volume meal that even 
dyspeptic patients could complete without noxious fullness or vomiting. One 
example is that radiolabelled solid food is administered to patients with reduced 
muscle performance as the more work by muscles is required to propel solid food 
compared to liquid. Radiolabeled marker emptying in humans can occur as long as 1-
5days compared to 24hrs in 7dpf zebrafish larvae (Fields et.al., 2009, Kararli 1995, 
Loening-Baucke et. al., 2005). 
Page 98 of 132 
Postprandial or Fed State Defined 
The postprandial state is the physiological period that occurs after the 
ingestion of a solid or liquid meal. It is a state in which two possible stimuli, 
mechanical or hormone and endocrine cues are sensed by the organism and GI 
motility is altered. GI transit occurs between 6-24hrs in the zebrafish and in humans 
persists 1-5days, but little is known about hormone, endocrine, and gastric secretion 
levels in zebrafish (Fields et.al., 2009, Kararli 1995, Loening-Baucke et. al., 2005). In 
mammals distinct changes occur after feeding, which include increased blood 
glucose, lipids, and amino acid content. Future directions may include testing for 
these molecular components of meals or peak hormone, endocrine, and gastric 
secretion levels in the zebrafish which would reveal more about the postprandial 
state. 
It is possible for the postprandial state to exist in zebrafish beginning as early 
as 5dpf, shortly after the yolk has been absorbed and for some time after the larvae 
feeds, when the organism expresses exogenous feeding behavior. Transit studies 
have shown that the GI tract of 7dpf zebrafish larvae is empty 24hrs after feeding 
(Fields et. al., 2009). Based on transit assays using zebrafish it might be predicted 
that the postprandial state occurs between 0-6hrs after feeding because some larvae 
exhibited empty GI tracts by 6 hours (Fields et.al., 2009). GI tract clearance by 24hrs 
was imperative to these studies as zebrafish with cleared GI tracts were fed at 5, 6, 
and 7dpf, thus prior feeding did not influence feeding behavior. Indigestible 
fluorescent tracers were applied to mark the presence food within the lumen of the 
zebrafish, confirming the fed state. In zebrafish the postprandial state was identified 
because at 7dpfbecause most but not all zebrafish exhibited feeding behavior. 
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Feeding Behavior 
The postprandial state was determined in two genetic lineages of zebrafish 
larvae, ABix and ABTuebingen, through the use of fluorescence. The number of 
larvae that had eaten was detected from the total number of larvae exposed to the 
fluorescently labeled tracer. Larvae exposed to the fluorescently labeled tracer H0 -
FITC fluoresced in the postprandial state whereas larvae that had not fluoresced 
following exposure to H0 -FITC had not eaten. 
Not all zebrafish larvae fluoresced after exposure to food stimuli at 7 days 
post fertilization ( dpf) which indicated an absence of exogenous feeding. A higher 
quantity of larvae from the ABTuebingen compared to the ABix genetic lineage 
fluoresced. It was concluded that 50% to 70% of the larvae were in the postprandial 
state following exposure to the tracer and most larvae consumed the fluorescently 
labeled tracer H0 -FITC following exposure. 
The presence and absence of contractions were observed in the total number 
of larvae from the genetic lineages of zebrafish, ABix and ABTuebingen. 
Contraction detection was completed to check for active GI motility. Analysis of 
contraction presence was completed for the intestinal bulb as well as the mid and 
distal intestine regions of the GI tract. The genetic lineage ABix was characterized 
by a presence of contractions because 100% of larvae had contractions in both 
regions of the gut. It was concluded that the gut had actively contracted at least once 
in all fed and fasted zebrafish from the ABix genetic lineage in the intestinal bulb as 
well as the mid and distal intestine. 
The presence of contractions was also observed for zebrafish of genetic 
lineage ABTuebingen, just as the ABix genetic lineage had been analyzed. 
Contractions were present in the genetic lineage ABTuebingen intestinal bulb region 
of 100% of the fed group and 75% of the fasted group. The ABTuebingen mid and 
distal intestine regions experienced a presence of contractions in 80% of the fed 
group and 50% of the fasted group. A greater number of fed larvae had contractions 
compared to the control group, which was unexpected because control larvae are 
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typically characterized by smooth rhythmic propagating contractions. It was 
concluded that feeding stimulated a presence of contractions in fed ABix larvae 
because of a higher incidence of contractions present in the postprandial state. 
Pharmaceuticals, Pharmacokinetics, and Dosing 
Pharmacology is used to answer complex physiological interactions between 
drugs that affect gastrointestinal motility and zebrafish are readily becoming a 
powerful tool to assess pharmacological response. The action of chemical 
compounds in whole organisms in vivo is essential to understand the response across 
multiple body systems and cell types. Multiple cell types with different intracellular 
machinery can have the same receptor for the ligand, such as the gastrointestinal tract 
and the heart, which sometimes results in a response in both regions. The zebrafish 
model is useful to test the effects of drugs on biological systems to determine the drug 
efficacy, or the intended effects of the drug, as well as side effects, or unintended 
drug actions (Goldsmith, 2004). 
Pharmacokinetics is a branch of pharmacology that aims to understand drug 
movement throughout the body. The two routes that exist for chemical entrance into 
the zebrafish include orally or directly across the skin. After 72hpf drugs may take an 
oral route into zebrafish because this is the time when zebrafish begin swallowing. 
Later, at 9-l 4dpf drugs are suggested to diffuse across zebrafish epidermis 
(Goldsmith, 2004; Jonz and Nurse 2005). At the intermediate age of 7dpf, the time 
these experiments took place, Cisapride, Niflumic Acid, and DIDS may enter via 
diffusion across the skin or gills, and absorption in the GI tract. 
Chemical compounds are absorbed, react, and are then broken down by the 
body or eliminated. Drugs are typically dissolved in the water surrounding the 
zebrafish and the drug dose may be identical to the concentration in the water, or less 
if the drug is not absorbed. Alternatively, drugs may be absorbed very slowly, or may 
be bound to protein and inactivated once absorbed. It is also possible for drugs to 
accumulate in the zebrafish, reaching higher doses compared to the surrounding 
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water, but this is much less common. Drug effects are determined by receptor 
binding. Receptors may desensitize, or become internalized after exposure, which 
will influence drug effects. 
The urinary system and liver are involved in metabolic regulation, specifically 
drug inactivation and clearance. Chemicals are cleared from the blood by the 
kidneys. If a chemical is freely filtered and secreted it will be rapidly cleared from 
plasma, and if a chemical is not freely filtered, or is reabsorbed, it may remain in the 
blood for a long time. Clearance time for drugs is determined by chemical structure. 
The liver degrades toxins in humans by physical removal and breakdown, but very 
little is known about metabolism for the drugs used in these studies. 
Vertebrate dosing experiments served as rationale for choosing doses of 
Niflumic Acid and DIDS. Rationale for choosing the doses was based on an 
understanding that Ca2+-activated Cl- channels (CaCC) are affected differently in 
different species. In addition the small intestine and antrum respond differently to 
Niflumic Acid and DIDS (Ward et. al., 2009). It was estimated from the previous 
vertebrate dosing experiments that lOOµM Niflumic Acid and lOmM DIDS would 
inhibit the slow wave in the whole gut of zebrafish. In humans, no inhibitory effect on 
the small intestine is observed until a dose of lOOOµM Niflumic Acid (Ward et. al., 
2009). 
The doses of Cisapride were considered with the health of the 7dpf larvae in 
mind. The overall health is best evaluated by heart-rate and previous reports of drug 
exposure detailed bradycardia in 48hpf zebrafish embryos exposed to 200µM, 20µM, 
and 2µM Cisapride (MacRae et.al., 2003). To avoid potentially lethal heart 
conditions the doses used in these assays included lOOµM, lOµM, lµM, and O.lµM 
Cisapride. In adult humans the dose is 10mg, 4 times a day which include 15minutes 
before meals and at bedtime. In human urinary and fecal recovery 10% of the drug 
remains unchanged. 
The maximum possible dose of Cisapride was estimated for adult humans to 
be 645.16 µg/mL. Adult humans are 60% water or roughly two thirds. Intracellular 
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fluid accounts for two thirds body mass and extracellular fluid is one third of the 
interstitial fluid, which the space between cells is filled with. The combined volumes 
of intracellular and extracellular fluid form 60% of the mass of an average adult 
(70kg), the volume is 46L of water, considering the conservation of mass (lg= lmL). 
It is expected that one of the four prescribed 10mg doses of Cisapride will dissolve 
and remain in the 15 .5L volume of extracellular fluid until reaching a receptor. It was 
computed that in an average 70kg adult intake of a 10mg tablet will result in the 
maximum dissolved dose of Cisapride in extracellular fluid is 645.16µg/mL. Smaller 
doses compared to those described in human or zebrafish literature were applied in 
these experiments to avoid cardiovascular side effects. 
The purpose of calculating the amount of Cisapride in humans was to consider 
that future doses may be adjusted to reflect the mass of the zebrafish. A certain dose 
of drug given to patients in milligrams cannot be given in an experiment with 
zebrafish because of the liquid environment aquaculture. The dose may be adjusted 
to reflect the mass of the fish, or can also be converted to a concentration that reflects 
the unique liquid environment of the zebrafish. 
Pharmacodynamics of Cisapride 
Pharmacodynamics is the pharmacological study of the mechanism of action 
and effects of drugs, and this was evaluated for Cisapride in zebrafish. Cisapride is a 
prokinetic for human GI motility and the mechanism of action occurs at the enteric 
nervous system. Cisapride has not been studied in zebrafish GI motility. 
When swallowed, Cisapride dissolves freely in the extracellular fluid. It is 
likely that the drug will remain in the plasma, the fluid component of whole blood. 
Retention in the plasma would increase the potency of the drug approximately 3 times 
higher compared to the total body fluids because plasma comprises approximately 
one third of the extracellular fluid. It is unknown if Cisapride remains in all 
extracellular fluid or the plasma component. Cisapride is nonpolar, it diffuses freely 
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across the plasma membrane and therefore stimulates intra- or extra- cellular 
receptors (Figure 41). 
Figure 41. The stmctural formu\a of Ci~apride. 
The natural receptor for Cisapride is the 5-hydroxytryptamine-4 (5HT4) 
receptor in humans and zebrafish, which is a type of serotonin or 5-
hydroxytryptamine (5-HT) receptor (Schuurkes et. al., 
2008). Serotonin, which is known to influence mood, 
also mediates resource availability by gauging food 
availability by response to food stimuli. Serotonin 
will reduce appetite, an opposite of dopamine which 
motivates eating (Figure 42; Svec et. al., 1993; 
Wurtman, 2010). 
The natural receptor for Cisapride 5HT 4, is a 
NH 
Figure 42. The stmct11rnl 
fommla of Serotonin. 
seven transmembrane (7TM) G-protein coupled receptor (GPCR) that crosses the 
plasma membrane of motor neurons (Schuurkes et. al., 2008). The motor neurons in 
the enteric nervous system stimulate smooth muscle cell contraction in response to 
Cisapride by a GPCR signaling cascade. Stimulation by the neurotransmitter 
Cisapride at the site of the 7TM receptor activates G-proteins to convert ATP into 
Cyclic AMP ( cAMP). The removal of 2 phosphate groups from ATP results in 
increased cAMP and sequentially adenylyl cyclase. The target of cAMP is protein 
kinase A (PKA), which phosphorylates target proteins and leads to the ultimate firing 
of an action potential to release excitatory neurotransmitter. 
At the postsynaptic side of the motor neuron the excitatory neurotransmitter 
acetylcholine (A Ch) is released to target nicotinic receptors on smooth muscle cells to 
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elicit an excitatory response. Cisapride causes an increase in the release of 
acetylcholine (ACh) at the myenteric plexus by cholinergic neurons. Acetylcholine 
release results in enhanced cholinergic neurotransmition presynaptically, at the site of 
receptors in motor neurons in humans. The autonomic nervous system (ANS) 
regulates glandular secretions, smooth and cardiac muscle at a subconscious level by 
the branch known as the parasympathetic nervous system (PNS). The excitatory 
neurotransmitter A Ch stimulates smooth muscle contractions. 
A better understanding of the enteric nervous system and the 
pharmacodynamics will lead to profoundly better treatment of enteric nervous 
disorders. In humans the enteric nervous system independently controls GI motility, 
but can be influenced by the Central Nervous System (CNS). It is composed of 
sensory receptors, interneurons, and motor neurons that regulate smooth muscle 
contraction throughout the length of the GI tract (Kuhlman and Eisen, 2007). The 
major regulatory functions of the enteric nervous system impact motility, secretion, 
vascular tone, and hormone release (Young et. al., 2009). Cisapride was readily used 
in the clinical setting to treat hypomotility disorders such as severe dyspepsia, 
constipation-predominant irritable bowel syndrome (c-IBS), and gastroparesis 
(Schuurkes et. al., 2008) but is no longer in use due to unforeseen deaths. Harmful 
side-effects that arise from the drug target discovery can be avoided by thorough 
investigation of the chemical mechanism of action and biological system targeted. 
Dose Response to Cisapride 
Low concentration doses ofl OOµM, 1 OµM, 1 µM, and 0.1 µM Cisapride used 
m these experiments impacted a variety of the measureable parameters of 
gastrointestinal (GI) motility without altering overall health in 7dpf zebrafish unlike 
the bradycardia observed in experiments with 48hpf zebrafish embryos exposed to 
2µM, 20µM, and 200µM Cisapride (MacRae et.al., 2003). The viability of zebrafish 
from embryo to larval stages in development is much greater and it is possible that 
organisms better withstand drug exposure at 7 dpf compared to 48hpf. Reducing the 
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dose of Cisapride larvae were exposed to may have also been sufficient to impact 
aspects of GI motility without altering the overall health of the larvae. 
Zebrafish exposed to Cisapride exhibited changes in gastrointestinal motility 
resembling the prokinetic effect observed in mice and humans exposed to Cisapride. 
The presence of contractions was similar across all treatments, as most larvae where 
characterized by a presence of contractions in both the intestinal bulb and mid to 
distal intestine regions. Cisapride exposure may have preserved the presence of 
contractions in drug exposed larvae compared to control, which had a fewer 
contractions present in both regions of the GI tract analyzed. One exception to 
contraction presence preservation by Cisapride was that in the intestinal bulb region 
50% of larvae exposed to the maximum amount of drug tested, lOOµM Cisapride, had 
a presence of contractions. It is suspect that the reduced number of contractions in 
the intestinal bulb region occurred because this region is more sensitive than the mid 
to distal intestine region. The absence of contractions following exposure to the 
highest dose 1 OOµM Cisapride was unhealthy to the gastrointestinal motility in the 
intestinal bulb region or that these larvae were experiencing a natural quiet-period of 
GI motility. 
In the intestinal bulb region the changes to GI motility by Cisapride occurred 
exclusively in the number of contractions. The number of contractions increased 
from 0.1 µM Cisapride and 1 OµM Cisapride exposure. The increase in the number of 
contractions indicated that a prokinetic effect was evident and consistent with human 
GI motility. The maximum number of individuals exposed to Cisapride was not 
greater than 4 larvae per treatment. It is possible that the effect may not have been 
apparent in larvae exposed to 1 µM Cisapride and 1 OOµM Cisapride due to the 
number of individuals tested. 
The mid to distal intestine region showed signs of a prokinetic effect caused 
by the drug Cisapride. Unlike the intestinal bulb which showed an increased number 
of contractions the mid to distal intestine responded differently. There was no 
difference in the number of contractions across treatments in the mid to distal 
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intestine. Instead, interval increased in response to 1 µM Cisapride and velocity 
increased by 1 OµM or 1 OOµM Cisapride exposure. Unexpectedly, the distance was 
reduced in 1 % DMSO exposed larvae, yet the other parameters of GI motility were 
not affected by 1 % DMSO. The reduced distance in the mid to distal intestine was 
disregarded because other experiments conducted with 1 % and 2% DMSO did not 
alter GI motility in zebrafish larvae. 
Future experiments to increase the number of individuals are necessary to 
confirm the observed prokinetic effect by these experiments in 7dpf zebrafish larvae. 
It is possible that the low number of individuals tested may misrepresent areas that 
suggest a prokinetic effect occurred in the Cisapride exposed larvae observed. 
One limitation of these experiments is that Cisapride exposed to zebrafish 
larvae may have not been accurately represented. Absorption through the skin or 
mouth may not have been adequate causing a lower dose to enter the zebrafish larvae 
than expected. In the future, drug microinjections would remedy the problem of 
malabsorption such that known amounts are exposed to the larvae. 
It is possible that another potential drug target for the enteric nervous system 
dysfunction is an Atropine derivative. Atropine is a competitive agonist for 
muscarinic acetylcholine receptors. It is expected that atropine could be used to aid 
acetylcholine binding to its receptor and increase parasympathetic nervous system 
function. The resultant increase in smooth muscle contraction may be suitable to 
treat hyperkinetic GI motility disorders. 
Better understanding the target receptor or mechanism of action for Cisapride 
and the multiple biological systems impacted by this drug will lead to better 
innovations in drug development. It is apparent from these studies that targeting 
organisms at a more appropriate time of development, 7dpf compared to 48hpf, is 
better for the overall health of the organism. Advancement in the chemical action and 
other potential drug targets for enteric nervous system disease were considered. 
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Colourless Mutants 
The gastrointestinal (GI) motility was examined in 7dpf colourless larvae 
homozygous recessive for the colourless gene responsible for the development of the 
enteric nervous system (Kelsh et. al., 2001 ). The lack of an enteric nervous system in 
colourless larvae has revealed the control elicited by the enteric nervous system. 
Colourless larvae have also provided information about the contribution by other 
systems including the intestinal triad for the development of GI motility patterns. 
The colourless gene encodes a transcription factor essential for neural crest 
development, pigment cell migration, and development of the enteric neurons (Kelsh 
et. al., 2001). Mutations in the colourless gene result in neural crest cells that do not 
undergo the typical fate of migration and differentiation. The result is that these 
organisms lack melanophores and nerve cells due to apoptosis at 35-45hpf (Dutton et. 
al., 2001). Many neural mutants have pigmentation defects and the colorless 
phenotype expressed by these organisms has been used to designate these larvae as 
colourless. Inevitably, a complete absence of the colourless gene as in homozygous 
recessive colourless mutants results in fatality by 11 dpf possibly due to defects in GI 
motility. 
The gastrointestinal motility from colourless larvae was unexpected, because 
the absence of a functional enteric nervous system did not eliminate GI motility. The 
presence of observable contractions was evident in 83% of larvae in the intestinal 
bulb region and 100% in the mid to distal intestine. The hypothesis that enteric 
neurons are required to develop of GI motility patterns in 7dpf larvae was rejected. 
Gastrointestinal motility does not depend solely on the enteric nervous system and 
can persist to create contraction of smooth muscle in its absence because of other 
regulatory elements. The enteric nervous system does not exclusively regulate GI 
motility, but has an important role in forming smooth, rhythmic, and coordinated GI 
motility. 
The presence of spontaneous motility patterns was apparent in 7dpf colourless 
larvae yet the contractions were less organized compared to wild-type control larvae. 
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The control individuals that the colourless larvae were compared were from the 
dimethyl sulfoxide (DMSO) experiment, which may have impacted data as these 
larvae were from a different clutch. By comparison to the control treatment it was 
discovered that velocity increased in the intestinal bulb. The number of contractions 
decreased and the distance increased in the mid to distal intestine. 
Qualitative differences in GI motility of colourless were apparent when 
compared to the wild-type control larvae from the DMSO experiment. 
Morphologically, the larvae lacked pigmentation. Small rough dots of pigmentation 
appeared to cover the epithelia and gut. The tissue of the gastrointestinal tract 
surrounding the lumen appeared narrower. The force of contractions also appeared to 
pulse with greater strength to compensate for the lack of organization. In addition, the 
tissue initiating contractions seemed to span a longer region of the gastrointestinal 
tract. Although the morphology, force and region of contractions were not 
measureable parameters these observation give insight about the profound differences 
across colourless and wild-type larvae. 
It was determined that enteric neurons are not required to initiate spontaneous 
contractions in the gut. The lack of coordination and possible adjustment in force and 
tissue initiating contractions revealed that the enteric nervous system modulates GI 
motility to function in the development of coordinated contractions. 
The role of enteric neurons may be evaluated in the future by exposure to the 
chemical neurotoxin Tetrodotoxin (TTX). Similar to the lack of enteric neurons 
observed in colourless larvae, exposure to tetrodotoxin (TTX) inhibits the function of 
the enteric nervous system. In Haitian culture voodoo priests or bokors have created 
a zombie-like state in humans by the application of TTX, which has since been 
deemed Zombie Powder (Davis, 1988). Pufferfish from the order Tetraodontiforme 
reveals the etymology of tetrodotoxin (TTX). Released by puffer fish, newts, and 
toads TTX is advantageous in predation. Organisms capable of releasing TTX as a 
defense mechanism will inhibit predators and opposingly the neurotoxin can be used 
to stun prey. TTX blocks firing of action potentials by competitively blocking the 
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openmg of voltage-gated ion channels (Hennig et. al., 2007). The result of this 
voltage-gated sodium channel blocker is an inhibition of smooth muscular 
contraction. 
It is also apparent that further understanding the role of TTX in adult 
organisms is needed to evaluate the role of the Migrating Motor Complex (MMC). 
The MMC is a powerful ring-like contraction that clears the GI tract in a fasted state 
and depends on enteric nervous system regulation. In humans, the infant GI tract 
does not produce MMC and it is unknown if 7dpf zebrafish exhibit this regulatory 
mechanism, if it is fully functional, or if it interacts with other regulatory mechanisms 
at the developmental stage of 7dpf. The MMC has been a challenge to study in 
zebrafish because colourless mutants will not live beyond 11 dpf. The application of 
TTX is innovative, future research would allow for the impact of TTX on GI motility 
and potential discovery of MCC in a developed adult zebrafish GI tract. 
The relevance of the enteric nervous system regulation in GI motility 1s 
essential to treat congenital enteric nervous system disorders like Hirschprung' s 
disease and Waardenburg-Shah syndrome. Patients suffering from Hirschprung's 
disease are characterized by a collapsed rectum and pressure in the abdomen caused 
by difficulty passing stool that can be potentially lethal. Currently, Hirschprung's 
disease is treated by surgical resectioning. The rectum and areas of the colon lacking 
enteric neurons are removed then the remaining healthy colon is attached to the anus 
(Swenson, 2002). Waardenburg-Shah syndrome occurs due to the failure of neural 
crest cell migration and differentiation. Tn humans manifestations of albinism and 
hearing loss constitute the disease phenotype, as well as symptoms of decreased GI 
motility and megacolon, and (Shah et al., 1981, Ambani 1983, Baynash et al., 1994, 
Southard-Smith et al., 1998). Individuals with Waardenburg-Shah syndrome may not 
need treatment beyond drugs to treat hypokinetic motility disorders. While severe 
cases are currently treated by an ileostomy at the site between functional regions of 
the GI tract and regions lacking enteric neurons. Advancement in drug design and 
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knowledge of gastrointestinal motility is imperative to treat enteric nervous system 
disorders in a way that is more manageable. 
Dimethyl Sulfoxide (DMSO) 
The vehicle is defined as an innocuous solvent in which the experimental 
chemical compound is dissolved to form a solution (Johnson and Besselsen, 2002). 
Vehicle controls are applied in the same manner as the experimental compound, but 
to a separate set of animals. The purpose of a vehicle is to test the effect of vehicle 
alone, to ensure that the observed effects result from the experimental drug and not 
the vehicle. In these experiments nonpolar substances that are insoluble in water 
were analyzed. The nonpolar substances can dissolve in methanol, acetone, and 
dimethyl sulfoxide (DMSO) because the compounds are also nonpolar and will form 
a solution with the drug. The vehicle control tested in these experiments was 
dimethyl sulfoxide (DMSO), which zebrafish are known to tolerate (Goldsmith, 
2004). The DMSO experiment provided another set of control individuals that 
confirmed the effects of drug exposure were due to the drug, rather than the vehicle. 
One limitation of analyzing the colourless and Cisapride exposed larvae was 
an absence of adequate control and vehicle treatments. The purpose of a vehicle 
control experiment was to further test the effect of vehicle on wild-type larvae and in 
addition to provide a control treatment to for colourless larvae comparison. The 
DMSO experiment included a control group, and larvae exposed to 1 % or 2% 
DMSO. The control group was applied to both the DMSO experiments and the 
colourless experiments. The vehicle control was applied to the Cisapride 
experiments. 
The colourless larvae had distinctly different GI motility compared to control 
detected in intestinal bulb and mid to distal intestine. Intestinal bulb region velocity 
increased and in the mid to distal intestine the number of contractions decreased 
along with an increase in the distance of contractions. The presence of contractions 
in the colourless larvae revealed that the enteric nervous system was not responsible 
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for spontaneous contractions. Deregulation of coordinated GI motility in colourless 
larvae was caused by the absence of an enteric nervous system in colourless larvae. 
It was confirmed that the enteric nervous system regulates the coordination of 
contraction. 
In the Cisapride experiment the vehicle control did not respond as expected, 
and another purpose of the vehicle control experiment was to repeat the analysis of GI 
motility following exposure to DMSO. The rationale to repeat the vehicle control 
experiment was due to previous report that zebrafish are tolerant to DMSO exposure 
(Goldsmith, 2004). Unexpectedly, the distance of contractions in the intestinal bulb 
region decreased in larvae exposed to 1 % DMSO from the Cisapride experiment. 
The finding was likely to have been caused by inherent variability in GI motility the 
small number of individuals tested or DMSO and additional tests using DMSO were 
completed. 
Exposure to 1 % or 2% DMSO had no effect on GI motility in the intestinal 
bulb or mid to distal intestine regions. The vehicle control confirmed that Cisapride 
had caused the observed changes on GI motility rather than 1 % and 2% DMSO. 
Pharmacodynamics of Niflumic Acid and DIDS 
The mechanism of action and effects of a chemical compound, are also known 
as pharmacodynamics, which was evaluated in zebrafish exposed to Niflumic Acid 
and DIDS (Figures 43-44). Niflumic Acid acts as a noncompetitive allosteric 
inhibitor (Bevensee et. al., 2007). It will bind to the receptor regardless of whether 
the active site is substrate-bound, to change the shape of the receptor and reduce 
substrate binding at the active site. The mechanism of action of DIDS varies from 
Niflumic Acid. DIDS inhibits chloride exchange reversibly and irreversibly 
(Hoffmann et. al., 1986). Instantaneous reversible binding is competitive by DIDS 
preventing substrate binding and the subsequent irreversible binding is chloride 
dependent. 
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The target receptor for both Niflumic Acid and DIDS is the protein anoctamin 
1 (ANOl). ANOl is a Ca2+-activated CC channel (CaCC) that is a highly specific 
marker for ICC. The expression of ANOl on ICC was detected from microarray 
screening and over-expression of ANOl on GI stromal tumors (GISTS) led to its 
discovery in 2008 (Espinosa, 2008, Gomez-Pinilla, 2009). In the future it is possible 
that ANOl may be used as a method of early GIST detection and a therapeutic 
targeting when more is known about its function (Espinosa et. al., 2008). 
As in other Ca2+ -activated Cl- channels, calcium must bind to activate the 
channel for chloride ion entrance to occur. The slow wave originates from ICC and is 
communicated by gap junctions. The peak of the slow wave is enough to reach 
threshold and depolarize. During depolarization calcium channels open and the 
smooth muscle cells contract, creating force or tension. The voltage changes that 
occurred from the slow wave can be measured by the resting membrane potential of 
the cell. It is possible that a different combination of ion channels may be required to 
cause the depolarization, plateau or tetanus, and subsequent repolarization of the slow 
wave. 
The frequency of GI motility decreased and the slow wave was inhibited by 
Niflumic Acid and DIDS in murine, primate, and human small intestine (Ward et. al., 
2009). The function of ANOl in slow wave activity of ICC may be validated with 
CaCC inhibitors. To confirm ANOl function in zebrafish GI motility a preliminary 
investigation was completed using the CaCC inhibitors Niflumic Acid and DIDS. 
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Dose Response to Niflumic Acid and DIDS 
In vivo studies of ICC indicated that GI motility in the intestinal bulb was 
inhibited by Cl- channel blocking drugs Niflumic Acid and DIDS. The presence and 
number of contractions were severely reduced in the intestinal bulb ofNiflumic Acid 
exposed larvae. Compensatory actions by the GI tract appear to have occurred in 
response to the reduced GI motility, as the distance of contractions increased in the 
intestinal bulb region of larvae exposed to Niflumic Acid. The changes in the 
intestinal bulb region GI motility by DIDS exposure included an increase in velocity 
and decreased in frequency, which was consistent with reports of ICC regulation in 
contraction frequency in murine, primate, and human small intestine (Ward et. al., 
2009). 
Niflumic Acid and DIDS exposure in the mid to distal intestine regions caused 
deregulation of coordinated GI motility. The number of contractions and contraction 
distance were reduced by Niflumic Acid. It was apparent that the long sweeping 
contractions caused by Niflumic Acid in the mid to distal intestine region of a portion 
of the larvae were unusual, and a likely result of reduced pace-making activity by 
ICC. Contraction coordination was reduced by DIDS in the mid to distal intestine 
region and no other changes in GI motility by DIDS were observed. 
Irregularities in GI motility and the morphology of the GI tract were apparent 
from the CaCC inhibitors. A portion the Niflumic Acid exposed larvae exhibited 
highly unusual GI motility, unlike the vehicle or control groups. The GI motility was 
characterized by an absence of contractions in the intestinal bulb region and 
profoundly altered contractions in the mid to distal intestine that were prolonged to 
sweep over long time frames. The contractions of Niflumic Acid exposed larvae were 
accompanied by a possible skeletal muscle twitch above the GI tract. 
Morphologically, the GI tract of larvae exposed to Niflumic Acid appeared to be 
compacted or reduced in size. The layers of smooth muscle within the lumen had 
unusual folding in the mid to distal intestine. Irregularities in the GI motility of DIDS 
exposed larvae were apparent in the intestinal bulb region caused by less frequent 
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contractions with slowed velocity, however no other morphological changes were 
detected. 
Profound differences were observed in a portion of the Niflumic Acid exposed 
larvae, yet a fraction of exposed larvae resembled the control and appeared 
unaffected. Motility patterns and morphology of the GI tract changed by exposure to 
Niflumic Acid but the effects seem variable. The differences that were apparent in 
some larvae but not others may have been attributed to dose. 
These data presented that compensatory actions occurred when the function of 
CaCC on ICC are inhibited by Niflumic Acid and DIDS. In the intestinal bulb region 
blocking CaCCs with Niflumic Acid reduced the presence and number of contraction, 
but was compensated for by increased distance. Velocity increased in the intestinal 
bulb region when CaCCs were blocked with DIDS, another compensation that 
occurred when contraction frequency was significantly reduced. The mechanism of 
compensation is unknown but it is likely that the enteric neurons played an integral 
role in allowing GI motility to persist, in an unorganized manner, to allow the larvae 
to live. 
The function of CaCC on ICC in the mid to distal intestine was different. In 
the distal GI tract Niflumic Acid reduced coordination, number, and distance of 
contractions which indicates that pace-making and propagation of contractions 
depend on CaCC. Reductions in propagation distance were sensible because gap-
junctions are responsible for the direct communication between ICC and smooth 
muscle cells. When oscillation of ICC membrane potential could not occur due to 
inhibition by Niflumic Acid the propagation of the electrical change to smooth 
muscle cells for contraction would also be altered. 
Observed effects by CaCC blockage were due to the mechanisms of drug 
action, yet there is still much to be learned about contributing factors that may have 
influenced GI motility. For example, it is possible that both drugs may have altered 
other organ systems or cells of the body and the effect on GI motility was a 
combination of changes that occurred. The noncompetitive inhibition of chloride ion 
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entrance by Niflumic Acid was accompanied by a drastic reduction in heart-rate, this 
finding was consistent with other studies of the heart and Niflumic Acid (See Heart 
Healthiness). It is apparent that GI motility could have been altered by death caused 
by reduced heart-rate by inhibition of the hyperpolarization-activated pacemaker 
current (Accili and Difrancesco, 1996) 
DIDS is known to operate by two possible mechanisms, competitive 
reversible binding and irreversible binding. It is unknown which event occurred 
when exposed to the GI tract. It is possible that the effects by DIDS were a result of 
the competitive reversible binding, which may have allowed some chloride ions to 
enter the cell as in normal GI motility. The effect may also be due to DIDS 
sequential irreversible binding, which would be expected to produce the same effect 
as exposure to Niflumic Acid. The effects by DIDS of GI motility were different than 
Niflumic Acid so it is anticipated that irreversible binding was not the dominant 
binding type that occurred. DIDS also did not produce dramatic reductions in heart-
rate, which indicates that it may be a safer CaCC inhibitor and more specific for 
binding to ANOl. It is possible that a combination of both binding types by DIDS 
occurred, but further investigation is necessary to validate how DIDS bound to CaCC 
to produce the observed effects on GI motility. 
ICC associated diseases afflict all regions of the GI tract and may include 
achalasia, diabetic gastroenteropathy, pyloric stenosis, and constipation. Hallmark of 
diabetic gastroparesis, irritable bowel syndrome (IBS), and constipation are reduced 
numbers and atypical networks of ICC (Farrugia, 2008). A way of identifying ICC, 
such as the ANOl marker is crucial to evaluating the number of ICC which may help 
better treating these disorders. 
Human GI motility disorders that are caused by a loss of ICC are typically 
accompanied by a loss of another associated cell, such as the enteric nerves (Ward et. 
al., 2009). An example of this occurs in Hirschsprung's disease and inflammatory 
bowel disease because alterations in ICC networks have been known to cause enteric 
nervous system dysfunction. As more is understood about the intercommunication 
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across cells of the intestinal triad it is possible that treatment or detection of GI 
abnormalities in one cell type could presage abnormalities of another associated cell 
type. It was evident from these studies that compensation for the loss of ICC function 
had occurred. Although the mechanisms of compensation remain unclear future 
simultaneous analysis of ICC and enteric neurons may reveal how compensatory 
mechanisms of GI motility occur. 
Evaluating ANOl CaCC on ICC has contributed to an understanding of its 
function and may lead to treatment and drug targeting in GI motility disorders 
associated with ICC. ANOl is typically overexpressed on GISTS and other tumors. 
In the future noninvasive procedures have been projected in using ANOl as a marker 
for ICC on GISTS and other tumors associated with ICC (Ward et. al., 2009). 
Healthiness in Zebrafish 
The biological systems of zebrafish have enough variability that can 
oftentimes not be detected by statistical analyses. The cause of variability that goes 
undetected is due to intra-individual variability, which includes changes in larvae 
from the same clutch. At 7dpf the biological systems of the zebrafish may not be 
developed to produce the intricate, arborous functions required to produce functional 
GI motility. The areas of heart-health, GI tract development, and the best 
approximation of development, standard length, were analyzed to estimate whether 
intra-individual variability may have impacted GI motility. 
Heart Healthiness 
Heart-rate is an indicator of the overall health m zebrafish. In these 
experiments the heart-rate of all control and vehicle control larvae fell within the 
healthy range between 90-140bpm and were considered healthy. A background 
comparison of the zebrafish and mammalian heart was evaluated to understand the 
differences as well as major similarities shared across these vertebrates. The 
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zebrafish heart is two chambered unlike the four chambered heart of humans. Unlike 
mammals, the electrical signals are not sent from the atria to the ventricles, but rather 
the atria beats twice for each heartbeat in zebrafish. The alternate signaling pattern 
happens because of different pacemaking mechanisms that exist across mammals and 
teleosts. Even with such profound differences across vertebrate hearts drugs that 
induce heart dysfunction in humans consistently cause symptoms of dysfunction in 
zebrafish (MacRae et. al., 2003). Heart healthiness was validated to ensure that the 
effects observed by drug exposure were not a potential symptom of cessation by heart 
failure. 
The larvae from the feeding study gave insight about the effect of feeding and 
genetic lineage on heart-rate. The postprandial state was expected to have altered 
mechanical and chemical actions by the body to facilitate absorption of nutrients. 
Even with the changed physiological state that was observed feeding had no 
significant effect on heart-rate. At 7dpf the larvae had recently absorbed the yolk sac 
and it is possible that nutrient absorption was not maximized to create profound 
changes in the zebrafish because it was nonessential for the body at this phase. 
Additionally, starvation was considered because it is known to reduce cardiac muscle 
and cause heart-failure in humans. Any possible effects of starvation did not alter 
heart-rate in the fasted zebrafish, which can live until day 8 or longer without feeding 
due to nutrient absorption from the yolk sac. 
The impact of the genetic lineage and mutation was evaluated on heart-rate. 
In humans, genetic effects can cause 31-57% heart-rate variance, yet do not cause 
profound effects on overall health (Kaprio et. al., 2007). In the 7dpf zebrafish, the 
genetic lineage had no significant impact on heart-rate across ABix and 
ABTuebingen larvae. The absence of an enteric nervous system and failed pigment 
cell migration of colourless mutants had no impact on heart-rate which fell within the 
normal range for these larvae. 
It was expected that Cisapride would impact heart-rate because exposure to 
200µM, 20µM, and 2µM Cisapride caused bradycardia in 48hpf zebrafish (MacRae 
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et.al., 2003). The larvae exposed to lOOµM, lOµM, lµM or O.lµM Cisapride in these 
experiments had no significant change in heart-rate, all heart-rates fell within the 
healthy range. The healthy heart-rate was unexpected but it is possible that by 7dpf 
the zebrafish are more developed and can handle the possible stress caused by 
Cisapride. Another reason heart-rate did not change is because of the different 
serotonin receptors in the heart. Cisapride does not alter the heart in healthy humans. 
Expression of 5-HT4 receptors for Cisapride are at low densities in the human atria 
and ventricles and only modest alterations to the heart occur, compared to serotonin 
which increases beating rate (Schuurkes et. al., 2008). 
When determining the heart-rate for larvae exposed to 1 OOµM Niflumic Acid, 
it was initially believed that the treatment was fatal. The larvae were not dead, but 
had severe bradycardia. A fraction of the larvae evaluated had a very slow heart-rate 
but remained alive. Niflumic Acid and DIDS have been shown to inhibit Ca2+-
activated Cl- channels (CaCC), and it was clear that Niflumic Acid also significantly 
inhibited the CaCCs of the heart. The finding could be explained as other reports of 
Niflumic Acid exposure inhibited hyperoplarization-activated current in rabbit 
sinoatrial node myocytes (Accili amd Difrancesco, 1996). It is possible that the 
altered GI motility was not an effect by the drug but rather the heart rhythm 
irregularities had alter physiological processes in another organ system. It is also 
possible that the unforeseen change in heart-rate may not have directly impacted GI 
motility because the change in rabbit were irreversible and may have not caused 
dramatic alterations to other organ systems (Accili amd Difrancesco, 1996). 
Pharmaceutical companies have increased regulation on chemical compounds 
that alter cardiac repolarization. A drug induced repolarization aberration is torsades 
de point (TdP). A characterization of TdP includes ventricular tachycardia, extended 
Q-T interval by action potential prolongation, and premature ventricular 
depolarization. Inhibitors of the repolarizing potassium current (IK.r) are the cause of 
TdP and nearly all QT-prolonging chemical compounds. Long QT Syndrome 
(LQTS) is a fast chaotic heartbeat arrhythmia polymorphic ventricular tachycardia. 
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Prolonged Q-T induces another abnormality known as 2:1 Block. The 
atrioventricular block or atrial flutter caused by 2:1 Block, causes impulses to travel 
in an unusual circular course through the atria. Heartbeats that are too fast or 
tachycardic, and too slow or bradycardic are also clear indicators of drug induced 
abnormalities. 
Staging Gastrointestinal Tract Development 
A staging series was used to accurately describe development of the zebrafish 
larvae. The qualitative evaluation was used to determine whether the larvae had 
reached characteristic milestones and achieved developmental traits typical of 7dpf 
larvae. The wild-type and colourless larvae were staged prior to imaging and analysis 
of GI motility to confirm that changes to GI motility were due to the applied 
treatments rather than development. 
The trait marking development and full progression into the larval stage is a 
characteristic protruding mouth, which occurs at 3dpf (Kimmel et. al., 1995). All 
zebrafish analyzed had the presence of a protruding mouth or snout by 7dpf, which 
confirmed that these zebrafish had fully transitioned into the larval phase. The 
presence of a snout was essential for assessing GI motility in the postprandial state 
because opening of the snout facilitated proper feeding. It is possible that the larvae 
exposed to food yet did not feed could have had unforeseen developmental defects of 
the protruding and opening snout that prevented feeding. 
The gastrointestinal tract had progressed into a fully formed hollow tube in the 
larvae analyzed by 7dpf. The anterior GI tract was characterized by a protruding 
mouth. The pharynx and esophagus of the zebrafish were not visible by brightfield 
illumination at 7dpf, and could not be assessed for proper development. The 
accessory organs of the GI tract were evident in all larvae analyzed, it was apparent 
that the liver was fully formed in all larvae analyzed, adjacent to the heart and 
intestinal bulb. At the anterior a presence of the intestinal bulb was evident and in the 
posterior the mid intestine was followed by the anus or vent in all larvae. It was 
Page 120 of 132 
concluded that the wild-type larvae had the necessary developmental characteristics 
by 7dpf to produce smooth, rhythmic, and coordinated contractions thus facilitating 
functional GI motility. 
Developmental aberrations were apparent in all colourless mutants and a 
small number of wild-type larvae. Characteristic pigment cell migration and 
differentiation were apparent in all wild-type but not colourless larvae. Pigmentation 
was an indicator that the fate of other neural crest cells had undergone proper 
development in the wild-type larvae which was concluded because neural crest cells 
also differentiate to form a developed enteric nervous system. The absence of half of 
the pigment-producing melanocytes was apparent in the homozygous recessive 
colourless mutants as early as 2dpf. It may be concluded that full development and 
migration of neural crest cells derived cells did not occur in colourless larvae based 
on the observed absence of melanocytes. One trait that was present in the most but 
not all wild-type larvae assessed for GI motility was an inflated swim bladder. The 
absence of inflated swim bladder was not expected to influence gastrointestinal 
motility by 7dpf, and analysis of GI motility was completed in these larvae. 
Development Estimate by Standard Length 
Development in zebrafish is a way to characterize overall health and it is best 
gauged by the standard length rather than any other proxy, the most common being 
age, measured in days post fertilization ( dpf) (Parichy et. al., 2009). Days post 
fertilization ( dpf) is an inadequate representation of development due to the 
variability exists within the same clutch caused by external factors. During larval 
development feeding and rearing larvae individually have been known to cause 
highly variable growth rates (Parichy et. al., 2009). Validation that the effects 
observed was from the experimental treatments rather than altered development 
required an estimate of development by standard length measurements. 
Aspects of the experimental design may have impacted larval development. It 
was possible that feeding larvae could have supplied essential nutrients and result in 
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increased growth. Alternatively, not feeding the larvae from the fasted treatment may 
have impeded growth because of the absence of nutrients characteristic or possible 
consequences of starvation. It was unlikely that the development was altered in the 
larvae tested because the yolk sac depletes by 5-6dpf and zebrafish can live until day 
8 and longer without feeding. 
ABix 1arva1 development was not altered by feeding because no significant 
changes in the best indicator for development, standard length, had occurred. The 
anterior, posterior and standard length was not different across fed and fasted larvae. 
No significant changes in the intestinal bulb, mid to distal intestine, or GI tract length 
OCCUlTed. 
Lengths of ABTuebingen larvae were highly variable and inconsistent with 
the other genetic lineage tested, which indicated that the health and development may 
have been compromised. There was no change in standard length, yet the intestinal 
bulb, anterior region, and gastrointestinal tract lengths were different across the fed 
and fasted treatments. It was likely that the increased length of the intestinal bulb and 
gastrointestinal tract were responses to the uncoordinated GI motility that was 
measured in the mid to distal intestine in all control larvae. It is likely that a poor 
control group was responsible for the high variability and changes in development 
observed in ABTuebingen larvae. 
Cisapride, Niflumic Acid and DIDS exposure was not expected to impact 
growth and development. The exposure to drug occurred once, at 7dpf for only a 
brief period of 30 minutes. The standard length in drug exposed larvae was expected 
to be no different than larvae from the control treatment. Cisapride exposed larvae 
was the only drug exposed group that showed no difference in all lengths measured 
which confirmed that developmental health was not impacted. 
It was evident that even acute exposure to the drugs Niflumic Acid and DIDS 
altered the length of only the mid to distal intestine regions. Measuring the length of 
the mid to distal intestine confirmed previous observations that the GI tract of larvae 
exposed to Niflumic Acid appeared to be reduced in size. It was possible that the 
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longitudinal smooth muscle cells of the GI tract had assumed a shortened morphology 
by tonic contraction, allowing the gut to appear compacted. The alternative outcome 
occurred due to DIDS exposure, which increased the length in the mid to distal 
intestine region. 
The structural change is likely to have been caused by the type of DIDS 
binding at the site of the receptor on ANOl. The response in mid to distal intestine 
length caused by DIDS was consistent with the effect by DIDS differing from 
Niflumic Acid on GI motility. It is likely that competitive reversible binding was the 
type of binding that occurred by DIDS, which produced a different response by the 
GI tract than Niflumic Acid. The changes in mid to distal intestine length by DIDS 
and Niflumic Acid reflect the type of binding that occurred at the site of the Ca2+-
activated Cl- channel (CaCC) on the protein ANOl. 
Standard length did not differ from the control in all larvae tested. The 
similarities in standard length confirmed that the experimental groups were 
comparable to the control larvae developmentally. The experimental treatments did 
not influence development with regard to the best marker of development, standard 
length. It was concluded that the observed effects of the experimental treatments 
were not a consequence of poor development. 
Next, the developmental of the larvae was compared to a standard set of 
larvae to ensure comparisons across labs could be performed. The typical standard 
lenI:,rth of 7dpf larvae has been approximated at 4mm (Parichy et.al., 2009). Across 
all larvae measured, the standard length ranged between 3414.9±47.6µm to 
3769.0±38.Sµm. It was evident that the development of the larvae tested was similar 
to the typical standard length established and that the larvae had undergone proper 
development when compared to larvae reared in other laboratories. 
Experimental Design Flaws 
Experimental weakness may have caused variability in the feeding and drug 
studies. In the feeding study it was possible that the animals ate different amounts of 
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the fluorescently tagged food, which could not be effectively quantified and could 
potentially result in different GI motility. A resolution that would ensure known 
amounts of food are ingested is by gavaging the larvae. Oral gavaging is a method of 
microinjecting known amounts of food into the mouth through the esophagus and into 
the intestinal bulb region. Although gavaging would allow for a standard amount of 
food to be known, it is possible that an absence of mechanical and chemical 
breakdown of the food at the mouth and absence of a feeding behavior by larvae that 
may not be developmentally ready to feed would result in unlikely GI motility. 
Similarly, the exact dose of drug absorbed by each zebrafish in the drug 
studies was unknown and may have been altered by the chemical route of entrance. 
Microinjections may more effectively be used to apply chemical substances to the 
zebrafish. Another design flaw of the Cisapride experiment was that the DMSO used 
was increasingly diluted by the serial dilution. DMSO should be kept the same 
throughout and can be controlled for by creating a stock DMSO solution to which the 
drug Cisapride can be dissolved into. 
Experimental design flaws associated with time were hypothesized to be an 
inherent source of variability in these experiments. The SCORE method of enclosing 
larvae for digital imaging permits one larva at a time to digitally imaged. It was 
anticipated that GI motility would be influenced by the circadian rhythm of zebrafish. 
To avoid the effects of circadian rhythm the experiments were performed between 
11 :00:00 AM and 6:59:59 PM. The length of time after feeding may also influence 
GI motility, therefore larvae were fed approximately 1 to 2 hours before measuring 
GI motility patterns. 
Circadian Rhythm 
Physiological processes can change by periods of 24 hour cycles in living 
organisms to what is called a circadian rhythm (Kaeffer and Pardini, 2005). The 
changes that occur due to circadian rhythm are generated endogenously but are driven 
exogenously by environmental cues (Takahashi and Zatz, 1982). Light-dark and food 
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availability cycles potentially coordinate the circadian rhythm of the gastrointestinal 
tract (Sulzman, 1983). GI motility was examined by the time of day to evaluate the 
possible influence of circadian rhythm. 
Contraction distance and velocity were increased when motility was measured 
m the afternoon, compared to the morning, suggesting a circadian influence. 
However, some larvae were fasted and other larvae were fed in the morning. A 
separate set of experiments examined GI motility with respect to time after feeding 
and showed the motility patterns are altered 90 minutes after feeding compared to 
immediately after feeding. 
The intestinal bulb velocity increased by the time of day between the time 
ABix and ABTuebingen larvae were fed. The change in velocity was likely to have 
been due to increased motility in the intestinal bulb region to mix and grind luminal 
contents. In the mid to distal intestine contraction distance was the only parameter of 
GI motility that had changed. After the first two hours the other larvae imaged from 
1 :59:59 PM to 6:59:59 PM had significantly increased distance. 
The change in GI motility attributed to circadian rhythm may reflect progress 
of luminal contents since the presence of chyme would be detected by afferent 
sensory neurons. It is possible the effects attributed to circadian rhythm result from 
time after feeding. Future experiments examining circadian rhythm should be 
performed on fasted larvae. 
Time Post-Feeding 
The experimental design employed sequential imaging of individual ABix or 
ABTuebingen larvae fed at the same time, one by one, as time passed by the SCORE 
technique. The analysis of individual larvae at different times after feeding was 
expected to be a source of variability in evaluating GI motility during the fed state. 
To test whether the time after feeding had an effect on GI motility, larvae from later 
times after feeding were compared to larvae imaged at the earliest time after feeding, 
0:00-1 :30hrs. The earliest time after feeding was chosen because it was the time 
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when the GI tract is least likely to be empty. It is known that the GI tract of zebrafish 
larvae can empty as early as 6hrs post-feeding but is empty in most larvae by 24hrs 
post-feeding (Fields et. al., 2009). 
The intestinal bulb region was assessed for changes in GI motility affected by 
the time after feeding. The GI tract was most active at 0:00-1 :30hrs after feeding, 
consistent with the feeding study because both display the greatest amount of activity 
in the intestinal bulb region directly associated with feeding. The activity of the 
intestinal bulb decreased 1 :31-3 :OOhrs post-feeding. During the time of reduced 
activity contractions were uncoordinated, reduction in number and frequency, while 
interval between contractions increased. 
The outcome of the reduced activity observed between 1 :31-3 :OOhrs post-
feeding was most likely related to intra-individual differences in GI transit. It is 
likely that 1:31-3:00hrs post-feeding is the time when the GI tract of a subset of 
larvae transitions from the gastric to the intestinal phase GI motility. After 1 :31-
3 :00hrs post-feeding, at the 3:01-4:30hrs or 4:31-6:00hrs post-feeding times that GI 
motility resembled the earliest time after feeding 0:00-1 :30hrs. The observation may 
have occurred because of a second subset of larvae that require up to 18hrs longer for 
food to clear the GI tract. 
In the mid to distal intestine region, frequency was reduced and interval was 
increased 3:0l-4:30hrs post-feeding. The changes in GI motility in the mid to distal 
intestine occurred at 3:01-4:30hrs post-feeding, a time directly after the changes that 
occurred in the intestinal bulb region 1 :31-3 :OOhrs. Without the application of a 
transit assay a progressive change along the GI tract was observed. The reduced GI 
motility in the mid to distal intestine that followed a period of high activity in the 
intestinal bulb was consistent with the results of the feeding study. It is possible that 
the 3:01-4:30hrs post-feeding period is the intestinal phase in the zebrafish, which is 
characterized by reduced GI motility to optimize nutrient absorption and waste 
elimination. 
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Previous reports of GI transit describe zebrafish larvae characterized by fast 
transit or an empty GI tract by 6hrs after feeding, and slow transit which may take as 
long a time as 18hrs more for GI tract clearance from food (Fields et. al., 2009). The 
findings support that the populations of fed ABix and ABTuebingen zebrafish larvae 
studied in these experiments were characterized by the same intra-individual 
variability in GI motor activity as reported in other zebrafish populations. It was 
apparent that changes in GI motility occurred in sequential regions of the GI tract 
with the passage of time after feeding, consistent with previous records of GI transit 
assays and the known physiological events that occur in mammalian GI motility. 
CONCLUSIONS 
1. Modulations to GI motility by feeding in zebrafish were similar to the fed 
state in humans and the changes occurred primarily in the intestinal bulb region and 
modestly in the mid to distal intestine. Zebrafish GI motility is classically studied in 
the mid to distal intestine which was found to experience reduced contraction velocity 
by feeding in zebrafish larvae, it was therefore concluded that GI motility was 
generally unaltered by feeding in zebrafish. Intestinal bulb region GI motility 
quantification is new and was found to be most sensitive to external stimulation by 
feeding reflecting the response to feeding that occurs in the mammalian stomach 
during the fed state. The intestinal bulb region GI motility became more active from 
feeding in the zebrafish larvae, due to the increased number and distance of 
contractions. It appeared that fed larvae experienced a gastric phase, which in 
humans is characterized by enhanced secretion of gastric enzymes needed for 
digestion and increased mixing contractions in the anterior region of the GI tract, at 
the site of the stomach. The observed reduction in velocity in the mid to distal 
intestine was comparable to slowed rates of GI motility in fed humans and is 
characterized as the intestinal phase. The two regions of the GI tract in fed larvae 
responded differently to feeding, yet synchronized motor activity unlike control 
larvae to optimize nutrient absorption at the site of the mid to distal intestine. 
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2. Regulation of GI motility by enteric neurons was not diminished in colourless 
larvae lacking enteric neurons and was determined to increase by Cisapride exposure. 
At the myenteric plexus Cisapride increases the release of acetylcholine (ACh) by 
cholinergic neurons to act as an excitatory neurotransmitter and stimulate smooth 
muscle contractions in humans. The zebrafish larvae exposed to 0.1 µM and 1 OµM 
Cisapride had an increased number of contractions in the intestinal bulb. In the mid 
to distal intestine interval increased in response to 1 µM Cisapride and velocity 
increased by lOµM or lOOµM Cisapride exposure. The increased motility indicated a 
prokinetic effect had occurred and that the response to Cisapride in zebrafish is 
consistent with human GI motility. Colourless zebrafish revealed that enteric neurons 
were not required for development of GI motility patterns in 7dpf larvae. The 
colourless larvae lacked a functional enteric nervous system yet exhibited a presence 
of spontaneous motility patterns at 7dpf. The motility was less organized than control 
larvae because velocity increased in the intestinal bulb and the number of contractions 
decreased and the distance increased in the mid to distal intestine. The presence of 
motility patterns in colourless larvae suggests compensation by another regulatory 
mechanism of GI motility occurs in the absence of enteric neuron functioning. 
3. The sensitivity of GI motility to Niflumic Acid and DIDS, chloride channel 
blockers profoundly altered GI motility patterns in zebrafish larvae. The protein 
anoctamin 1 (ANOl) is the target receptor for both Niflumic Acid and DIDS which 
has been shown to decrease the frequency of GI motility and inhibit the slow wave in 
the mammalian intestine (Ward et. al., 2009). The presence and number of 
contractions were severely reduced yet the distance of contractions increased in the 
intestinal bulb of Niflumic Acid exposed larvae. In the mid to distal intestine the 
number of contractions and contraction distance were reduced by Niflumic Acid. It 
was apparent that the long sweeping contractions caused by Niflumic Acid likely 
resulted from reduced pace-making activity by ICC. The increased distance of 
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contractions is a possible compensatory action by another regulatory mechanism of 
GI motility in response to reduced GI motility. Exposure to DIDS increase in velocity 
and decreased in frequency in the intestinal bulb region GI motility which was 
consistent with reports of ICC regulation in mammals. Deregulation of coordinated 
GI motility was apparent from the reduced contraction coordination in the mid to 
distal intestine region by DIDS. Exposure to 1 % or 2% DMSO had no effect on GI 
motility which confirmed that the effects by the pharmacological tools Cisapride, 
Niflumic Acid, and DIDS had caused the observed changes on GI motility rather than 
DMSO. 
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